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Structure and Property Correlations of Surface-Active Agents in the Control of Colloidal 
Behavior in Home/Personal Care and Biochemical Systems 
  
Derek Doowon Kim 
 
Complexity in Home and Personal Care appears in several forms – the product, the 
substrate, and their interactions. The aim of this thesis is to investigate strategies for selecting 
effective surface-active agents (surfactants) that can be used in combination with other active 
ingredients in industry-relevant formulations deployed in the personal care sector. This thesis is 
composed of three parts, each of which involves a study of a complex natural system as it is 
affected by the addition of a complex chemical mixture. This is done in an effort to expose key 
features of the design rules for engineering the chemical mixture to enhance baseline performance 
via synergistic interactions of the formulation components and the natural system components. 
The first topic is an investigation on how the effectiveness of surface-active agents for removing 
a mixture of hydrophobic and hydrophilic soils from fabrics is related to the surfactants' physical-
chemical features. The second topic is an exploration of compatible surfactant-enzyme systems 
that can be used in various industrial applications, where the behavior at a variety of interfaces is 
concomitantly important. Here, the focus is on the effect of surfactant structure and properties on 
enzyme function (i.e., activity), structural mobility and stability. The third topic is an investigation 
on the usefulness of micro-Raman spectroscopy for determining in situ chemical information that 
relates to the effects of a variety of surfactants on the mechanical and textural features of skin. 
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Surface-active substances exhibit a spontaneous propensity to have a different 
concentration at an interface than in the bulk solution. In most cases this means they have a 
tendency to accumulate at or create interfaces (e.g., in self-assembled structures such as micelles). 
The general class of surface-active substances includes not only the more familiar surfactants 
(amphiphilic molecules), but also simple polar organic molecules and even polarizable ions. 
However, in this thesis, the terms surface-active agents or surfactants will be used in the more 
limited sense of amphiphilic molecules that may be either simple (unimeric) or polymeric, and 
whose behavior in aqueous media are of paramount interest. In this sense, surfactants are 
heterogeneous molecules containing both hydrophilic and hydrophobic moieties. Those covalently 
bound hydrophilic and hydrophobic moieties are sufficiently separate on the molecular scale so 
that the entire molecule has an asymmetry with respect to water wettability, i.e., it is amphiphilic. 
This wettability asymmetry is the basis for several properties of surfactants such as self-assembly 
(e.g., micelle formation) and adsorption at air-water and oil-water interfaces. Those characteristics 
lead to the fact that surfactants can form organic microdomains in aqueous solutions and solubilize 
organic, low-polarity molecules.  
Surfactants can also adsorb to gas-liquid and solid-liquid interfaces, where the solids may 
be either macroscopic or microscopic (e.g., colloidal) substances. The unique structure and 
properties of surfactants endows them with special functionality, such as lowering the surface 
tension of water, altering the wetting properties of skin and solid substrates, facilitating soil 
removal and oil dissolution, and regulating foam and redeposition behavior in cleaning 
applications [Bajpai, 2007]. Such properties make surfactants very useful in many industries, 
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including home and personal care, cosmetics, agricultural, food processing, pharmaceuticals, 
renewable energy, biotechnology, and bioremediation. The class of surface-active agents discussed 
in this work include small and large molecules (i.e., hydrophobically modified polymers). In many 
practical formulations several amphiphilic molecules are used in combination with other small 
molecules. Such mixtures will be referred to as a surface-active system.  
In home and personal care industries, surface-active systems are commonly employed as 
cleansing agents due to their ability to detach and remove microbes, sebum, and other soils from 
surfaces, such as clothing and skin. A number of previous studies have examined interactions of 
surfactants with other chemical compounds. An example is a study by Tzocheva et al., where 
solubility limits and phase diagrams of saturated straight-chain fatty acids in mixtures with anionic 
surfactant sodium lauryl ether sulfate (SLES) and zwitterionic surfactant cocamidopropyl betaine 
(CAPB) micellar surfactant solutions were determined and developed [Tzocheva, 2011]. Also, 
surface-active block copolymers have been studied [Alexandridis, 1994; Alexandridis, 1995] for 
their micelle forming properties. Several patents exist describing a formulation for reduced soil 
deposition and better soil removal.  
Techniques have been developed to characterize and monitor the self-assembly of 
surfactant micelles and surface-active polymers. For example, fluorescence spectroscopic 
methods can be used to evidence hydrophobic domain formation as a result of self-assembly 
[Turro, 1985]. Since the onset of surfactant self-assembly at the critical micelle concentration in 
aqueous media is typically preceded by reductions in the air-water surface tension, such 
measurements are routinely used to assess surface-active behavior. These surface and interfacial 
tension measurements can also yield good information on the effect of other system components 
on the surface-active properties of individual components. 
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Chapter 1: Targeted Removal of Mixtures of Hydrophilic and 
Hydrophobic Soil from Fabric using Surfactant-Polymer Systems 
With the changes in washing technology, detergent form and environmental regulations, 
various newer surface-active molecules have been tested for laundry detergent applications. The 
general motivations for this research have been to improve the stain removal performance of Heavy 
Duty Liquid (HDL) detergents via the development of stain-targeted reagents, and to elucidate the 
mechanisms by which complex stains are removed. Of particular interest are stains that comprise 
mixtures of common organic and / or inorganic materials. Thus, the objectives of this study were 
to examine different possible surface-active systems for removing a mixed hydrophilic-
hydrophobic “model stain” comparable to those found in practical applications, and to elucidate 
which surfactant properties and mechanisms are responsible for effective removal of each type of 
stain. The surfactant systems that were studied for optimal stain removal performance consisted of 
nonionic surfactants, anionic surfactants, and hydrophobically modified water-soluble polymers.  
Quantifying the efficacy of the stain removal process was determined using techniques 
such as turbidity, UV-Vis, FTIR and fluorescence spectroscopy. The details of experimental 
techniques, materials and experimental conditions involved in this research, as well as the various 




1.1 Background and Literature Review 
Surface-active agents (surfactants) possess the ability to detach and remove microbes, 
sebum, and other soils from surfaces. One of their major uses is in laundry applications as part of 
a detergent system. While different classes of compounds make up a detergent system, which 
includes surfactants, builders, binders, bleaching agents, enzymes, and others, compounds that 
may be classified as surface-active agents are considered to be the most significant component of 
laundry detergent systems due to uniquely suitable physicochemical properties.  
In the context of laundry applications, ‘soil’ refers to any unwanted contaminants found 
on clothing and fabrics, and whose presence may create a visible stain. Removal of these 
contaminating materials is the objective of laundering. Soils typically consist of various oils 
(water-insoluble organic liquids), waxes, biological detritus and inorganic solids that may be 
difficult to remove by conventional washing methods. One of the important types of stains that 
needs to be removed by surfactants originates from the ingredients found in antiperspirants. 
Antiperspirant products are used in the form of aerosols, roll-ons (Europe, Russia, Middle East, 
and North Africa) and sticks (North America). Residue from their use can leave white as well as 
colored stains. These stains are derived from active ingredients such as aluminum chlorohydrate 
(ACH, a hydrophilic powder) and emollients (typically fatty acids). These substances are difficult 
to remove using currently available laundry detergent systems. Sequestration of the substances 
that cause these stains into surfactant micelles is one way to remove the insoluble substances from 
fabrics by effectively solubilizing them. Since solubilizing these stains requires micelles or similar 
supramolecular structures to be present in the wash water, the concentration of the surfactant in 
the wash water must exceed the critical micelle concentration, even after the adsorption of the 
surfactant on the fabric has taken place. Calculations [Schott, 1972] have shown that the 
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concentrations of surfactants used in practical laundering generally do not exceed the critical 
micelle concentration of the surfactants that might otherwise solubilize oily stains. Consequently, 
it is difficult for a general HDL formulation to remove all types of undesirable materials from 
different substrates. 
In addition to conventional surfactants, various other agents are typically part of a 
detergent system. These may include functionalized polymers, green surface-active additives, and 
enzymes. The combination of ingredients can be used to aid in the removal of mixtures of the 
hydrophilic and hydrophobic components comprising stains.  
Traditional detergents have been formulated in powdered or granulated solid forms; 
however, the use of liquid laundry detergents has increased over the last few years, now even 
surpassing the use of powdered detergents. The major factors that affect the washing performance 
of Heavy Duty Liquid (HDL) laundry detergents are soap concentration, nature of the active 
ingredients in the soap, nature of the stains, water hardness, and water temperature. If all other 
factors—soils, water hardness, and temperature—are held constant, the cleaning performance is a 
function of the soap concentration, the type of active ingredients, and the mode of delivery into 
the cleaning bath.  
 
Patent Review of Current Technologies 
Prior to the invention of deodorants and antiperspirants (just over a century ago), people 
did not have any other means of hiding odor except washing periodically and applying fragrances. 
Deodorants and antiperspirants not only mask unpleasant odors arising from the body, but also 
prohibit their production in the first place. As a result deodorants and antiperspirants are now 
widely used worldwide, with annual sales topping $18 billion. While deodorants have the role of 
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suppressing odor-generating bacteria, antiperspirants block sweat pores to inhibit the flow of 
nutrients to armpit microorganisms. Deodorants usually include antiseptic ingredients that kill or 
deactivate bacteria residing in the armpit, where its warm and moist environment is favorable for 
survival of corynebacteria and other sweat-eating microorganisms. These microorganisms feast on 
perspiration produced by armpit sweat glands and generate odorous by-products such as trans-3-
methyl-2-hexenoic acid. The first patents for deodorants appeared in the 1860s, when cleaning 
agents such as ammonium chloride, sodium bicarbonate, and formaldehyde were discovered and 
used commercially. Then, in 1888, the first trademarked deodorant called “Mum,” with the active 
ingredient zinc oxide was sold in the United States. The first patents for antiperspirants were filed 
in the late 1800s, using aluminum salts to stop sweat flow by forming aggregates in sweat pores 
and blocking them. In 1903, the first trademarked antiperspirant called “Everdry,” with aluminum 
chloride as an active ingredient was sold. Since then, aluminum chloride, and similar aluminum 
compounds including aluminum formate, aluminum chlorohydrate (aluminum chlorohydroxide), 
and aluminium zirconium tetrachlorohydrate have been used in various deodorant and 
antiperspirant products. The distinction between deodorants and antiperspirants is less clear 
nowadays, as it is common to have antiperspirant-deodorant hybrid products, where the 
antiperspirants have antiseptic capabilities (i.e., they include constituents that help suppress 
bacteria) [Everts, 2012]. Hence, the terms deodorants and antiperspirants are often used 
interchangeably today.  
In the early days, antiperspirants had active ingredients suspended in alcohol or acids to be 
applied on the armpit using cotton balls, and deodorants were in the form of a cream to be rubbed 
by hand on the armpit. The former was slow to dry, caused skin irritation, and ruined clothing, 
while the latter left greasy stains on clothing [Everts, 2012]. Current forms of deodorants and 
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antiperspirants are much more varied, including roll-ons, sticks, gels, and aerosols, and have 
alleviated some of the aforementioned problems. Nevertheless, they are not without some issues. 
A major problem of deodorant and antiperspirant products of today is the fact that they leave 
unpleasant stains on clothing, and these stains can be divided into two categories: white stains and 
yellowish stains. White stains are caused by direct contact of a deodorant or antiperspirant with 
the fabric. These are white-colored deposits that result from an antiperspirant active, e.g., 
aluminum salts, and are considered to be more easily removed compared to the yellowish stains. 
These stains form if the deodorant or antiperspirant product is not given enough chance to dry on 
the skin before one puts on his or her clothing. Typically, the white residue can be removed by 
washing or by mechanical means (brushing). The yellowish stains are considered to be more 
problematic, and many consumers, after application of antiperspirants or deodorants, have 
complained about these undesirable stains in the underarm area in clothing. These stains result 
when the constituents of cosmetic products and armpit secretions from sweat are deposited on the 
textiles. A portion of them is left on the textile as residue after washing while the remainder is 
washed out during the laundering process [Urban, 2012]. U.S. Pat. Application No. 2012058064 
is a recent patent that describes the removal of such stains, which will be the central focus of the 
upcoming patent analysis.  Several prior art patents will also be referenced, as necessary.  
Several articles and patents that deal with the avoidance, reduction, or removal of soil on 
the skin and clothing exist. Soiling refers to any unwanted accumulation of oily and/or particulate 
materials on the surfaces or interior of fibrous structures (in the case of fabrics) [Bajpai, 2007]. 
Earlier patents by Proctor & Gamble, EP 0696188 A1 (1996) and EP 0858317 A1 (1998), and by 
Henkel, EP 1178775 (2002), describe deodorant/antiperspirant stick compositions for improved 
removal of fatty residue (lipid components) from skin. EP 0696188 A1 describes the use of wash-
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off agent (ethoxylates are preferred) for improved wash-off performance with respect to the 
solidifying agent (including a gellant, such as n-acyl amino acid amides, 12-hydroxystearic acid, 
to inhibit crystallinity) and non-polar, non-volatile oils [Luebbe, 1996].  EP 0858317 A1 describes 
the use of surfactants with a hydrophile-lipophile balance (HLB) > 10 (i.e., a O/W emulsifier), and 
EP 1178775 describes use of water-soluble surfactants for better removal of non-polar emollient 
oils [Sawin, 1998; Banowski, 2002]. Two patents, one by Colgate Palmolive, EP 0973492 A1 
(2000), and Beiersdorf AG, DE 102008052748 (2010), describe the use of emulsifiers in 
antiperspirant stick formulations to enhance removal of residues from skin and clothing [Linn, 
2009; Miertsch, 2010].  EP 0973492 A1 uses nonionic emulsifiers in antiperspirant formulations, 
where formulations constituents also included non-polar, non-volatile emollients, 
cyclopentasiloxane (alternative name: cyclomethicone) solvents, a fatty alcohol (e.g. stearyl 
alcohol), an antiperspirant active (aluminum salt), and a surfactant. Note, cyclomethicone was used 
since it does not irritate skin and evaporates quickly, leaving behind the antiperspirant’s active 
ingredient but no greasiness or stickiness [Everts, 2012]. The formation of a white residue on the 
skin and clothing was dealt with by using non-volatile emollients which have a refractive index of 
at least 1.4460 and adsorption/desorption properties relative to the antiperspirant material 
sufficient to achieve the desired reduction in white residue [Linn, 2009]. DE 102008052748 
describes the use of emulsifiers (preferably nonionic, with polar groups) in the form of anhydrous 
suspensions to improve removal of formulation components (primarily waxy residues from the 
anhydrous formula) from skin. These emulsifiers work by increasing the affinity of the 
components for water when the formulation is washed off [Miertsch, 2010]. 
U.S. Pat. No. 2012058064 focuses on the removal of the aforementioned yellow stains by 
using one or more charged surfactants in cosmetic or dermatological preparations having an 
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antiperspirant effect. The invention aims to produce a stable, easy-to-prepare, skin-tolerant 
formulation for reduction or avoidance of soiling on clothing and an enhanced ability to wash out 
the soil, so that less yellowish stains will result. The yellowish stains are due to a complex 
interaction between the antiperspirant product, skin fat, sweat and detergent. These yellowish 
stains are more difficult to remove using today’s conventional washing methods [Urban, 2012]. 
The preferred cationic detergent surfactants are almost exclusively quaternary ammonium 
compounds (NR4
+), which are organic ammonium compounds with quaternary nitrogen atoms. 
They are produced by the conversion of tertiary amines using alkylation agents, such as methyl 
chloride, benzyl chloride, dimethyl sulfate, or dodecyl bromide, as well as ethylene oxide. The 
reaction products are positively charged ions in acidic or even neutral and alkaline aqueous 
solutions. As stated in the patent, the preferred quaternary ammonium compounds have  structures 
as depicted in Figure 1-1, where R1 is preferably a saturated, linear C10-C18 alkyl group, R
2 is 
preferably –CH2CH2CH2- group, R
3-R5 are preferably shorter alkyl groups (methyl ~ butyl), and 
X is a halide group such as chloride and bromide. Linear alkyl ammonium compounds, more 
specifically, ammonium halides were even more preferred. Palmitamidopropyltrimonium chloride 
(Figure 1-2) is the cationic surfactant of choice in this patent. Polymeric quaternary ammonium 
compounds are excluded from the invention because they can lead to an intensification of the stains 
[Urban, 2012]. 
 






Figure 1-2: Structure of preferred cationic surfactant, 
palmitamidopropyltrimonium chloride, in U.S. Pat. No. 2012058064. 
 
The use of quaternary ammonium compounds as detergent surfactants in various 
applications (e.g., laundry or dishwashing detergents, shampoos, shower gels) to increase the 
solubility of fat and dirt particles in water that adhere to the clothing and skin are described in 
several prior art patents. Two patents by Schwarzkopf Gmbh Hans, DE 10309180 (2004) and DE 
10322059 A1 (2006) describe the use of quaternary ammonium compounds as cationic surfactant 
in hair care products [Liebelt, 2004; Zuedel Fernandes, 2006]. Application of the types of 
compounds cited in the U.S. Pat. No. 2012058064 may be found in a patent by Henkel, DE 
102007028508 (2008), which describes the use of quaternary ammonium compounds in cosmetic 
or dermatological deodorant/antiperspirant compositions for improved washing out of cosmetic 
agents from skin. Here, quaternary ammonium compounds are considered to be both an 
antimicrobial active substance and a conditioning agent or softener [Urban, 2012; Teckenbrock, 
2008]. The antimicrobial property of cationic surfactants is also delineated in EP 2082724, where 
the ethyl ester of the lauramide of arginine hydrochloride is used as an antimicrobial enhancer in 
deodorants and in oral care [Urgell, 2009]. 
Typically, anionic surfactants have functional groups, such as carboxylate, sulfate, or 
sulfonate groups, and they form negatively charged ions in acidic or neutral aqueous solution. U.S. 
Pat. No. 2012058064 cites the use of laureth-7 citrate (Figure 1-3) as the preferred anionic 
surfactant. Use of anionic surfactants in cosmetic formulations is described in a prior art patent by 
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Henkel, DE 102006037113, where it was effectively used together with cationic surfactants and a 
zinc salt in hair treatments containing anti-dandruff agents [Schroeder, 2009]. According to U.S. 
Pat. No. 2012058064, nonionic surfactants or emulsifiers and other surfactants that serve as 
emulsifiers in the formulation are not included and not to be understood as “charged surfactants”. 
That gives distinction to their invention [Urban, 2012]. 
 
Figure 1-3: Structure of preferred anionic surfactant, laureth-7 citrate, in U.S. Pat. 
No. 2012058064. 
 
The use of charged surfactants is the focus of U.S. Pat. No. 2012058064; however, the 
patent describes other constituents in the antiperspirant formulations as well. Astringents 
(compounds that contract the skin for fast binding), such as aluminum salts or aluminum/zirconium 
salts, are recommended as antiperspirant actives for blocking sweat glands. The antiperspirant 
active ingredients can be any of the aluminum salts of the empirical formula [A12(OH)mCln], where 
m + n = 6. These compounds include aluminum chlorohydrate ([Al2(OH5)Cl]*H2O), aluminum 
sesquichlorohydrate ([Al2(OH)4.5Cl1.5] *H2O), aluminum dichlorohydrate ([Al2(OH)4Cl2]*H2O) or 
aluminum/zirconium salts such as  aluminum/zirconium trichlorohydrex glycine 
([Al4Zr(OH)13Cl3],×H2O.×Gly). Buffer-free aluminum/zirconium salts can also be used. For 
suppressing sweat odor (i.e., decreasing the growth of bacteria that cause sweat odor), bacteria 
inhibiting agents such as triclosan, or chlorhexidine are suggested to be used in the formulation. A 
combination of these antimicrobial active substances with the aforementioned astringents, as well 
as perfume to mask odor, are recommended to be used in the formulation in addition to the charged 
surfactants. Possible solvents that were suggested in the formulation were water, oils, and alcohols 
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(in particular, octyldodecanol) [Urban, 2012]. Examples of such formulations (without using 
charged surfactants) in various forms of deodorants and antiperspirants are delineated in prior art 
patents such as US 4477431, EP 1183003, EP 0676193, DE 10321138, EP 10163247, and DE 
102005029386 [Suffis, 1984; Galleguillos, 1995; Banowski, 2002; Banowski, Weiler, 2004; 
Banowski, Wadle, 2004; Raschke, 2007]. 
In the examples cited in U.S. Pat. No. 2012058064, 15 cm x 2.5 cm pieces of 100% cotton 
textile were used to test the extent of stain avoidance and improved wash performance. The 
washing protocol used tap water and a commercially available detergent. The water temperature 
was set at 60°C. In all studies, components in formulations other than those with charged 
surfactants were kept the same. The treatment test substances were either (i) without charged 
surfactant(s), (ii) with cationic surfactant only, or (iii) with cationic + anionic surfactants. For in 
vitro studies, soiling agents included human sweat (artificial underarm sweat), and sebum 
(oily/waxy matter secreted from sebaceous glands). These were applied in the order listed, with 10 
minutes of conditioning time in between soiling agent addition. In a separate set of examples, the 
soiling agents were mixed and applied all at the same time. The samples were stored at 38°C and 
80% relative humidity for at least 12 hours. The samples were washed, and test substances were 
applied for 4 cycles before performance data were obtained. For in vivo study, a similar procedure 
was used except 26 human subjects were distributed pre-washed T-shirts having a prior application 
of soiling agents for at least 3 days of preconditioning. One type of soiling agent per each armpit 
for a direct comparison was preferable. After product application in the morning, the subjects were 
asked to wear the shirt for 8 hours, and performance data were collected after the shirt was washed 
and worn for 10 cycles [Urban, 2012]. 
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The performance of soil removal was tested both in vitro and in vivo and determined using 
colorimetric measures in the CIE L*a*b color space (mathematical color model that represents 
colors as an ordered list of numbers). The color values are divided into three different values:  
1. dL value - white to gray; a negative value means a graying of the shirt in comparison to the 
reference area where stains were not applied, such as shoulder or back area of the shirt 
2. da value - red to green; a negative value means an intensification in the green range 
3. db value - yellow to blue; a positive value means an intensification in the yellow range). 
The yellow value “b” was used mainly for the performance comparison among test 
products, since the stains that are of interest are yellowish.  
For the in vivo study, the subjects also visually evaluated the stains on a scale from 0 (no stain) to 
5 (marked stain). For both in vitro and in vivo studies, the ranking of the magnitudes of the b values 
was: [without charged surfactant(s)] > [with cationic surfactant only] > [with cationic + anionic 
surfactants]. The visual evaluation (using 0~5 scale) by the subjects also implied less staining for 





1.2 Knowledge Gaps 
U.S. Pat. No. 2012058064 describes examples of surfactant systems that are effective for 
removing yellowish stains that occur after several wash and wear cycles due to continued 
accumulation of antiperspirant, sweat, and detergent residues. As mentioned before, stains contain 
a host of substances with different hydrophobicity and hydrophilicity. The stains consist of 
different charged components including emollients, fatty acids, metal (Al, Ca, Mg) ions, their 
hydrolysis products, and perfume.  Anionic, cationic, amphoteric, and nonionic surfactants should 
be used appropriately; however because of the complexity of the system it is not easy to predict 
the behavior (or performance) of a given surfactant, thereby hampering the selection of type of 
surfactants and compositions for the removal of complex yellowish stains. In addition, as seen 
from above, much of the information about industrially relevant detergents, antiperspirants, etc. is 
in patents, and the scarcity of information in scientific literature with regard to complex systems 
and formulations create many major gaps in knowledge. 
There are several guiding principles that appear to underlie the development of detergent 
formulations. With respect to soil removal, these principles include: (i) dispersal and stabilization 
of oils and unwanted particulates in the form of small clusters that remain suspended in the wash 
water, and (ii) avoidance of redeposition of the dispersed materials back onto the fabric. These 
actions are mainly accomplished using surface active formulation components. Thus, a mixture of 
charged surfactants might seem to be more advantageous for use in the formulation as opposed to 
using a cationic surfactant only or using uncharged surfactants, since the interaction of oppositely 
charged species (e.g., surfactants, polyelectrolytes, colloids, protons, other ions) promotes 
enhanced aggregation. For instance, ionic surfactants interact strongly with oppositely charged 
polyelectrolytes and form micelle-like clusters, which can further sequester oils and particulate 
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matter. The concentration at which the surfactant starts to bind to the polyelectrolyte is known as 
the critical aggregation concentration (cac), and it is typically 1~3 orders of magnitude less than 
the critical micelle concentration (cmc) of the surfactant [Naderi, 2005]. For the invention cited in 
U.S. Pat. No. 2012058064, it is most likely the case that mixing oppositely charged surfactants 
(e.g., cationic surfactant palmitamidopropyltrimonium chloride and anionic surfactant laureth-7 
citrate, which were the most preferred surfactants cited in the invention) promote “faster” or 
“greater” formation of aggregates (compared to using the cationic surfactant only) at a lower 
concentration than their respective critical micelle concentrations. This aggregation was seen to be 
beneficial since it would increase the solubilization of hydrophobic stains. However, while U.S. 
Pat. No. 2012058064 claimed the use of oppositely charged surfactants in the ratio (weight %, 
[cationic surfactant]:[anionic surfactant]) ranging from 10:1 to 1:3 (preferably 6:1 to 1:2 and most 
advantageously 1:1), it did not give a clear explanation of the mechanism behind it or provide any 
data on different [cationic surfactant]:[anionic surfactant] ratios. The patent similarly claimed the 
efficacious ratio of antiperspirant substances to one or more of the charged surfactants to range 
from 1:1 to 30:1 (preferably 3:1 to 8:1) [Urban, 2012]. 
Another distinguishing feature of the invention in U.S. Pat. No. 2012058064 is that the 
liquid components of the formulations form mixtures that are macroscopically monophasic. This 
means that mixtures of the liquids in the formulation appear visually as a single phase at room 
temperature. The patent attributes this monophasic nature to a more homogeneous distribution of 
the constituents in the preparations and claims this to be an important factor for the manner in 
which the charged surfactants in the preparation are distributed on or in the clothing and having a 
positive impact on stain reduction. Although the liquid appears visually as a single phase, the 
internal microscopic structure might still consist of multiple phases [Urban, 2012]. Regardless, the 
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macroscopically monophasic appearance of the formulation described in U.S. Pat. No. 
2012058064 is advantageous compared to a biphasic formulation (i.e., presence of an aqueous 
phase and an immiscible oil phase), as is the case for the invention in DE 10321138, where two 
liquid layers are separated by a phase boundary at rest [Banowski, Wadle, 2004].  In this case, the 
two phases will need to be mixed briefly before use to form either an oil-in-water emulsion or a 
water-in-oil emulsion, in which the continuous phase will be determined by the HLB. This notion 
is captured in the Bancroft rule, which states that “The phase in which an emulsifier is more soluble 
constitutes the continuous phase.” An emulsion will be separated into two phases after some time, 
ranging from a few seconds to 24 hours [Urban, 2012]. A macroscopically monophasic character 
of the formulation in U.S. Pat. No. 2012058064 makes perhaps one of the most important 
contributions to the enhanced removal of stains, since they are able to be washed out with the wash 
liquor (detergents) more easily due to a more homogeneous distribution of the formulation 
constituents as opposed to the biphasic formulation. One other distinctive feature of U.S. Pat. No. 
2012058064 compared to DE 10321138 is the fact that no nonionic surfactants are used, and no 
charged surfactants are selected as emulsifiers, although the significance of this was not delineated.  
Hence, the surfactants are not included in the stain formulation, but rather in the wash 
liquor.  The invention cited in the patent (U.S. Pat. No. 2012058064) evaluates the performance 
of soil removal by using colorimetric measures in the CIE L*a*b color space on the stained fabric. 
However, this method only yields a visual characterization and does not allow for the development 
of any micro-scale explanation for underlying interaction mechanisms involved in soil removal. 
Spectroscopic techniques such as UV/Vis absorption and pyrene fluorescence can be employed to 
study the amount and the nature of stain components that are washed out and to possibly gain some 
understanding of the interaction mechanisms that are involved. Pyrene fluorescence can be 
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especially useful for determining the polarity of the local environment on the probe molecule used 
in this technique. Such measurements allow one to evaluate, for example, the presence of 
hydrophobic regions before and after the stains have been washed out by the wash liquor 
containing detergents (surfactants). 
In U.S. Pat. No. 2012058064, it is advised that polymeric quaternary ammonium 
compounds should not be used because they can lead to the intensification (i.e., enhanced binding 
to the fabric) of stains. However, some “hybrid” modified polymeric compounds such as the 
hydrophobically modified polymer poly(maleic acid – octyl vinyl ether, abbreviated as PMAOVE 
have been effectively used in heavy duty liquid detergents. Hybrid modified polymers have 
features of both polymers and surfactants, and due to the associative nature of the hydrophobic 
groups, hybrid polymers can form intramolecular as well as intermolecular aggregates 
[Somasundaran, 2011]. Also, other polymers may be investigated for their ability to act as wetting 
agents in an antiperspirant on skin or clothing. In summary, antiperspirant formulations have 
evolved gradually over time, and so have the diversity and complexity of their ingredients, which 
now include antiperspirant actives, volatile/nonvolatile carriers, gellants, and emulsifiers. This 
allows for opportunities to explore various ways the formulations can be optimized and improved 
in terms of performance during their use as well as their removal). 
With all the above being said, the most prominent knowledge gaps can be summarized as 
follows: (i) a paucity of design principles for laundering mixed hydrophobic-hydrophilic soils from 
fabrics, (ii) a need for better guidelines for optimizing laundry systems based on surfactants and 





The general objectives of this work were: (i) to successfully develop techniques to evaluate 
and screen quickly and effectively stain-targeted (surface-active) agents, (ii) enhance the stain 
removal performance of detergents in commercial formulations by identifying the optimal surface-
active agent(s) for each stain type (i.e., hydrophobic and hydrophilic), and (iii) to elucidate the 
mechanisms by which the stains are removed. In order to achieve these, there was a need 
investigate a variety of surface-active agents, which are commercially available, and can be readily 
incorporated into a detergent formulation. These included nonionic surfactant, anionic surfactant, 
hydrophobically modified polymer, and high-performance amphiphilic polymer systems. The 
results of this study were to be compared with benchmark detergent given by the research sponsor 
(Henkel), in order to see where each surface-active agent tested stands in such comparative metric. 
Ultimately, the ideal goal would be to have the methods developed in the study, as well as the 
interaction mechanisms/models derived from the results (i.e., to explain stain removal performance 
ranking), to serve as a basis for testing and formulating with novel surface-active agents for 





 As it will be seen in the next section (1.5 Materials), it was challenging to draw an in-
depth hypothesis given the numerous types of commercial surface-active agents that were in scope 
for this work (as well as their various purities). Regardless, it can be hypothesized, based on the 
physicochemical properties of some of these surface-active agents that the hydrophobically 
modified polymers will be most effective in tackling the oily soil (stain) components by entrapping 
them in the hydrophobic nanodomains of the polymer, while the (conventional) surfactant systems 
will help remove the more inorganic components of the underarm stain. It should be noted that 
some transformation of the stain compositions may occur during washing. For example, ACH 
(aluminum chlorohydrate) is water-soluble, however, it readily undergoes hydrolysis in water to 
form a variety of water-soluble aluminum oxyhydroxide oligomers, polymers, and colloidal 
species, the distribution of which depends on solution characteristics (e.g., pH), temperature and 
time after hydration. Speciation in the mid-pH range includes anionic and cationic species, which 





The major components of the commercial system of the soils and the surface-active agents 
were decided based on the discussions with the research sponsor, Henkel and tested individually 
in order to evaluate targeted soil removal and to elucidate the interaction mechanisms. Table 1-1 
lists chemical and physical characteristics of the soil materials, and they are also described in detail 
below.  
 
Hydrophilic soil: Aluminum chlorohydrate (ACH; general formula is AlnCl(3n – m)(OH)m, 
and the simplest unit is Al2(OH5)Cl) 
Whitish stains on fabric caused by antiperspirant actives, namely aluminum salts such as 
aluminum chlorhydrates (ACH) are due to direct contact of a deodorant or antiperspirant with the 
fabric. 50 wt/wt% aqueous solution of ACH powder was prepared before being applied on fabric 
at concentration of 0.01 g/cm2 of fabric. The ACH powder and the deionized water used to prepare 
the colloidal solution was sourced from Elementis (trade name: Reach 103) and in-house 
(Columbia University, Department of Earth & Environmental Engineering), respectively.  
 
Hydrophobic soils: C12-C15 alkyl benzoate, 2-ethylhexyl palmitate, polypropylene glycol 
(PPG)-15 stearyl ether 
Hydrophobic soils refer to (sometimes yellowish) stains that build up in or on garment 
fabric after several wash and wear cycles due to continued buildup of cosmetic products (e.g., 
antiperspirants) or constituents thereof, sweat, and detergent residues. They comprise 




Note that in addition to these individual components, stains found on the fabric samples 
are expected to also comprise of physical combinations of these components in what may be called 
hybrid soils. The distribution of materials in these hybrid stains may change with repeated cycles 
of wear and washing. Thus, the composition of a region on a fabric hosting a composite stain will 
likely depend on its history, with the components more resistant to removal accumulating with 
each wear-wash cycle. These composite stains constitute an additional level of complexity and a 
challenge in washing performance. 





















































































A number of high-performing, economically viable surfactant systems commonly used 
for conventional cleansing purposes were investigated. These have been broken down into 
several categories, which are summarized in Table 1-2 and discussed in a greater detail in the 
following sections. 
Table 1-2: Surface-active agents used in the study. 
 
 
1. Benchmark Detergent 
The research sponsor, Henkel, provided a commercially sold detergent to serve as a 
benchmark in the study. The formula was proprietary, so it was used as a comparative metric to 
evaluate the various surface-active agents tested.  
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2. Nonionic Conventional Surfactant: Fatty Alcohol Ethoxylates (FAEO) 
The nonionic fatty alcohol ethoxylate used in the study was Dehydol LT 7 (CAS: 68213-
23-0), which is a commercially available C12-C18 fatty alcohol with approximately 7 moles of 
ethylene oxide and was supplied by BASF. Some key properties according to the supplier provided 
product data sheet are: Density (g/cm3, 70°C) = 0.944-0.947, Hydroxyl value = 106 – 112, Active 
substance (%) = 99.7 – 100, Water content (%) < 0.3, pH value (1%) = 6 – 7.5, Turbidity 
temperature (°C, H2O) = 50 – 56, Cloud point (°C) = 16 – 26, MW = 522 g/mol. 
 
3. Anionic Conventional Surfactant: Sodium Lauryl Ether Sulfate (SLES, also known as 
Sodium Laureth Sulfate) 
The anionic sodium lauryl ether sulfate used in the study was Texapon N70 (CAS: 68585-
34-2), which is a commercially available C12-C14 SLES with 2 moles of ethylene oxide and was 
supplied by BASF. Some key properties according to the supplier provided product data sheet are: 
FAES (%) = 68.0 – 72.0, Unsulfated alcohol (%) = 2.50 max, Sodium chloride (%) 0.50 max, 
Sodium Sulfate (%) = 1.00 max, pH (10% solution) = 7 – 9, Viscous liquid, MW = 382 g/mol, 
HLB = 40. 
 
4. Hydrophobically Modified Polymers (HMPs): poly(maleic acid – octyl vinyl ether) 
(PMAOVE) and Hydrophobically Modified-C14-Ethyl Hydroxyethyl Cellulose (HM-(C14)-
EHEC) 
Hydrophobically modified polymers (HMPs) exhibit the characteristics of polymers and 
surfactants. Due to the associative nature of the hydrophobic groups in aqueous solutions, HMPs 
containing sufficient hydrophobic groups can form intramolecular nanodomains at all 
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concentrations and intermolecular domains at concentrations exceeding a critical value. As shown 
in Figure 1-4, an oily stain may interact with HMPs due to electrostatic and hydrophobic forces. 
Moreover, some of the HMPs have the ability to interact through both their hydrophobic and 
hydrophilic groups. The presence of both hydrophobic and hydrophilic groups on the polymer 
backbone provides these macromolecules with the ability to form two different kinds of 
nanodomains. Due to this ability, these polymers can be utilized to remove different kinds of stains 
at the same time (see Figure 1-5). 
HMPs have unique solubilization characteristics and can significantly increase the 
viscosity of the aqueous medium via their ability to form transient networks and entanglements in 
solution.  Hydrophobically modified polymers based on nonionic cellulose ethers used in mixtures 
with surfactants (i.e., forming mixed aggregates, or micelles) have been applied in pharmaceutical, 
cosmetic, textile, and paint industries. The HMP that was initially considered and studied in this 
research was poly(maleic acid – octyl vinyl ether) (PMAOVE). However, it was replaced by 
Hydrophobically Modified-C14-Ethyl Hydroxyethyl Cellulose (HM-(C14)-EHEC) due to the 
ingredient sourcing challenges as the laboratory that produced PMAOVE previously was no longer 
active.  Meanwhile, the HM-(C14)-EHEC was commercially available through AkzoNobel by the 
trade name Bermocoll EHM 200 (CAS: 9004-58-4). Some key properties according to the supplier 
provided product data sheet are: Nonionic, whitish powder, particle size 98% ≤ 500 µm, Salt 
content ≤ 4.5%, Water content ≤ 4%, pH (1% solution) = 5-7, Solution appearance = Opaque, 






Figure 1-4: Formation of hydrophobic domains (clusters of red side chains) upon 
aggregation of HM-polymer and stain substances (S). 








Figure 1-5: Schematic representation of micelle-like domain formation by 
hydrophobically modified polymers. 
Red indicates a hydrophobic entity (e.g., polymer segment, soil, or continuous 







5. High Performance Amphiphilic Polymer 
The high performance amphiphilic tri-block copolymer used in the study was Pluronic L31 
(CAS: 9003-11-6), which is commercially available (Poly(ethylene glycol)-block-poly(propylene 
glycol)-block-poly(ethylene glycol), or more simply referred to as PEO-PPO-PEO block 
copolymers. Although these are not what would be considered as conventional surfactants, the 
individual block copolymers or “unimers” have the ability to self-assemble into micelles in 
aqueous solution at concentrations higher than the CMC. Some key properties according to the 
supplier provided product data sheet are: Nonionic, liquid, pH 5.0-7.5 (aqueous), SG: 1.02, 
Viscosity: 175 cps, Surface tension (0.1%) aqueous = 47 dynes/cm, HLB = 5, Solubility in water 
> 10%, average MW = 1100 g/mol, HLB = 4.5. 
 
6. Surfactant-Polymer Mixture  
Based on the initial soil removal performance evaluation of single surface-active agents, 
blends of conventional surfactant and hydrophobic polymer with high stain removal potential were 
prepared and tested. Such blends were investigated in order to gain insights on possible synergy 
between conventional surfactant and hydrophobic polymer in removing the stains from the fabric 
surface. For simplicity, a 1:1 (wt %) blend was used to negate any impact from different mixing 
ratios. Because all the surface-active agents were commercially sourced (i.e., not a pure form of 
surfactants), it was not possible to do a mole % based analysis, but rather the concentration of all 
the surface-active systems were kept at 0.5 g/L. Hence, if a mixture of two surface-active agents 




1.6 Methods and Techniques 
 
Sample Preparation – Soiled Fabric 
Pretreated cotton fabrics were used as a substrate and were cut into 4 cm2 pieces for all 
studies. Fabric swatches (2 cm x 2 cm) were stained with 0.01 g/cm2 of hydrophilic soil and 0.005 
g/cm2 of hydrophobic soil as recommended by the research sponsor, Henkel, to simulate the 
amount of soil that can be left on the garment fabric after antiperspirant use(s).  
 
Beaker Test – Wash Cycle Emulation 
After 30 minutes in contact with the soiling compounds, the soiled fabrics were subject to 
the “beaker test,” a lab-scale experimental method that was developed collaboratively by Columbia 
University and Henkel to simulate the cycles in real-world washing machines.  Soiled fabrics were 
washed in 20 mL of wash liquors (adjusted to pH of 8) for 30 minutes, followed by 3 water rinse 
cycles of 30 minutes each, where the beaker was replenished with clean deionized water. Then, 
the fabrics were isolated for drying in an ambient setting. Figure 1-6 illustrates the entire Beaker 
Test protocol.  
 






A confocal Raman spectrophotometer from Horiba Jobin Yvon was used for measuring the 
Raman spectra of cotton swatches before and after treatment with washing liquor. The spectra 
produced from an incident beam of a 532 nm laser source were acquired using 10x, and 50x 
objectives. Also, to help identify the characteristic peaks of the soils, pure liquid forms of the soils 
(i.e., emollient oils and aqueous solutions of ACH) were taken by utilizing the liquid assembly 
component of the confocal Raman instrument and analyzed. This helped to amplify the Raman 
peaks of the stains, thereby allowing more accurate identification of the spectrum peaks that are 
specific to the stains and segregate them from peaks from other components (e.g., fabric, 
surfactants, and polymers).  For all Raman spectra of stained and washed cotton swatches, the 
spectra were acquired and processed first by linear baseline subtraction and then normalized using 
the C-O stretching band at 1095 cm-1 , which corresponds to the C-O group on the cellulose fiber 
of the cotton.    
 
ATR-IR Spectroscopy 
By its nature, Raman spectroscopy is complementary to infrared (IR or FTIR) 
spectroscopy- the vibrations active in Raman are silent in FTIR and vice versa. For example, 
infrared spectrum of water is intense causing difficulty to apply IR to aqueous systems, however, 
Raman spectrum of water is weak and generally can be used for aqueous solutions. Due to its 
strong dipole moment, water is IR-active but the dipole induction is difficult and hence weaker 
Raman scattering is obtained.  In other words, if the signature peaks of stain molecules are not 
picked up by Raman measurements, there is a chance that IR might.  
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Hence, Attenuated Total Reflectance (ATR)-IR was utilized to supplement the 
characteristic peaks from Raman spectroscopy, and to see if any additional infrared-active peaks 
were identifiable. The schematic of the ATR system is shown in Figure 1-7 for reference. 
Swatches of fabric before and after staining with soil were analyzed by placing the fabric flat on 
the ATR crystal surface. As the infrared beam passed through the crystal, an evanescent wave 




Figure 1-7: Schematic of a multiple reflection ATR system. 
 
UV/Vis Spectroscopy 
UV/Vis spectroscopy was attempted to be used to characterize the washing liquid 
recovered after washing the soiled fabric. Because of ACH’s adsorption in this spectral range, the 
UV/Vis spectroscopic technique yielded some results that were in agreement with the stain 
removal results quantified by the Raman spectroscopy. Specifically, more ACH removed from the 
fabric was evidenced by a greater absorbance of ACH peaks in the UV/Vis spectrum of the 
recovered washing liquid.  
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Surface Tension  
Surface tension values of aqueous solutions of the surfactants, polymers, and their mixtures 
used in this study were measured at 25°C with the Wilhelmy plate (shown in Figure 1-8) technique 
using a sandblasted platinum plate as the sensor. This data was to test to determine if the 
concentrations of surface-active species in the washing liquid tested were above the critical 
micellar concentration. Concentrations of surface-active species exceeding the critical micelle 
concentration would allow surfactants and polymer systems to form hydrophobic pockets that 
would help solubilize the soils in the fabric. For each surface tension measurement, the sensor was 
in contact with the surfactant solution sufficiently long to allow equilibration. The surface tension 
technique was used to check the CMC values that were reported on the technical data sheet 
provided by the surface-active agents’ supplier, whenever applicable. 
 
 




Pyrene fluorescence was used to measure the local polarity in microdomains that may form 
in the aqueous solutions. Sequestration of hydrophobic soil components can occur if hydrophobic 
microdomains are present in the wash water. Pyrene fluorescence can be used to evidence such 
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microdomains and the conditions under which they do and do not form. Pyrene at low 
concentrations (10-6 M) is used as a probe to monitor the presence of hydrophobic domains in 
surfactant solutions as a function of concentration surfactant and other components. Pyrene is 
excited at 335 nm and the emission spectra were scanned from 350 to 500 nm. From the resulting 
spectra a polarity index was determined. This polarity index, I3/I1 is the ratio of the intensity of 
the third to the first vibronic peak in the fluorescence spectrum (shown in Figure 1-9). Changes 
in the I3/I1 ratio can indicate changes in the surfactant configuration (i.e., monomer vs. micelles), 
as well as the polarity of soil components. The pyrene fluorescence was used to check the micro-









1.7 Results and Discussion 
 
Detection of Hydrophilic and Hydrophobic Soils (Stains) on Fabric using Spectroscopic 
Methods (Raman, ATR-IR) 
Raman spectra of fabric samples prepared with the staining protocol as described in the 
methods section were obtained to determine characteristic spectral peaks that could be used to 
track stain removal. These measurements would indicate which functional groups, and the 
molecules to which they are attached, are effectively removed by the surfactant wash liquor. The 
Raman spectra of individual components on fabric swatches are shown in Figure 1-10. As 
mentioned previously in the methods section, fabric swatches (2 cm x 2 cm) were stained with 
0.01 g/cm2 of hydrophilic soil and 0.005 g/cm2 of hydrophobic soil. 
 
 
Figure 1-10: Raman spectra of fabric stained with different soils. 
Legend: Blue (Unsoiled fabric, 100% cotton, pre-treated to remove any impurities), Green: 
(Fabric soiled with ACH), Red (Fabric soiled with C12-C15 alkyl benzoate), Turquoise 
(Fabric soiled with 2-ethylhexyl palmitate), Magenta (Fabric soiled with polypropylene 
glycol (PPG)-15 stearyl ether. 
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As seen in Figure 1-10, characteristic peaks were readily observed for the fabric, ACH, 
and C12-C15 alkyl benzoate; however, at the concentrations employed, characteristic peaks for 
the two other emollient oils – 2-ethylhexyl palmitate, polypropylene glycol (PPG)-15 stearyl ether 
were not detectable. Because of the relatively low, but relevant from a practical standpoint, 
concentration of soils on fabric, it was suspected that was the reason for the peaks for the two 
emollient oils being not detectable. In an attempt to amplify those peaks, pure emollient oils and 
ACH dissolved in an aqueous medium were analyzed by Raman spectroscopy using the liquid 
assembly apparatus. The results are shown in Figure 1-11. 
  
  
Figure 1-11: Raman spectra of pure emollient oils and ACH aqueous solution. 
Legend: Blue (Unsoiled fabric, 100% cotton, pre-treated to remove any impurities), Green: 
(ACH), Red (C12-C15 alkyl benzoate), Turquoise (2-ethylhexyl palmitate), Magenta 





Table 1-3: Characteristic peaks of Raman spectra of each soil. 
Boxed in red are the peaks that showed most processing of soil removal data. 
 
Table 1-3 shows the peaks that were most prominently identified according to the Raman 
spectra in Figure 1-10 and Figure 1-11. Of these peaks, the ones that were most readily detected 
and had no overlaps from other components (e.g., fabric, other soils) were selected. For ACH, the 
most prominent peak was at 380 cm-1 which corresponds to Al-OH-Al vibration. For C12-C15 
Alkyl Benzoate, there was 2,4,6 in-phase stretch peak resulting from the presence of an aromatic 
group that is unique to this soil only. For the other two emollient oils, 2-Ethylhexyl Palmitate and 
PPG-15 Stearyl Ether, the really prominent peaks were CH2 bend peaks, both of which were only 
discernible when they were amplified using the liquid form of the soils and not stained on fabric.    




Figure 1-12: Characteristic peaks of ATR-IR spectra of each soil. 
Boxed in red (C12-C15 Alkyl Benzoate) are the peaks that were ultimately selected for 
processing of soil removal data. 
 
 Due to the overlapping peaks present for the emollient oils, another method (in addition to 
the Raman) was used in an attempt to detect and quantify the soils – ATR-IR spectroscopy. A 
swatch of fabric was stained with each hydrophobic emollient and was secured firmly on the ATR 
crystal surface. As was the case for Raman, there was quite a bit of overlap of peaks due to the 
common functional groups such as CH2 and C=O in their molecular structures. Once again, as 
shown in Figure 1-12, the one that had the most distinguishable peaks was C12-C15 Alkyl 
Benzoate due to the uniqueness of the benzyl group in its structure. Hence, it was decided that 
C12-C15 Alkyl Benzoate was the only oily emollient that was going to be evaluated, given that 
the physicochemical properties of the other two oils are very similar. Also, as mentioned in the 
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methods section, pyrene fluorescence was used to determine the baseline micro-polarity values of 
the emollients. As measured, the micro-polarity were as follows: 2- Ethylhexyl palmitate = 1.05, 
C12-C15 Alkyl benzoate = 0.97, PPG-15 Stearly ether = 0.87; hence, they were very similar as 
well. 
 
Surface Tension on Surface-Active Wash Agents 
 In order to gather information on surface activity and aggregation potential of select wash 
agents used in the study, surface tension curves of were generated using a surface tensiometer 
equipped with Wilhelmy plate. Surface tension vs concentration data were generated for the 
nonionic surfactant Dehydol LT 7 (Fatty Alcohol Ethoxylate, C12-C18 with approximately 7 
moles of EO), the anionic Texapon N70 (C12-C14 Sodium Lauryl Ether Sulfate with 2 moles of 
ethylene oxide), and the hydrophobically modified polymer EHEC (HM-C14-Ethyl Hydroxyethyl 
Cellulose). These data are shown in Figure 1-13, Figure 1-14, and Figure 1-15, respectively. 
These data were used to estimate the critical micelle concentration (CMC), which is taken as the 
concentration at which a linear fit of the descending portion of the curve intersects the back-














Figure 1-15: Surface tension vs. Log (concentration) for the hydrophobically modified 
polymer – HM-C14-Ethyl Hydroxyethyl Cellulose (EHEC). 
 
 While the surface tension plots of the two conventional simple surfactants, Dehydol Lt7 
and Texapon N70, resembled a typical surface tension curve with a clear plateau and intersection 
point where the critical micelle concentration (CMC) is determined, the surface tension plot of 
the hydrophobically modified polymer, HM-C14-EHEC was noticeably different. Nevertheless, 
while it was more difficult to discern a well-defined CMC point, the hydrophobically modified 
polymer did exhibit significant surface activity and therefore had the potential to self-aggregate 
and internal hydrophobic domains. 
 
Soil Removal Results after Processing of Soil Removal Data from Raman Spectroscopy 
 Figure 1-16 shows example Raman spectra used to determine the extent of removal of 
C12-C15 Alkyl Benzoate soil (hydrophobic emollient oil) from fabric by the surface-active agents. 
As mentioned previously, the 1000 cm-1 peak, which is assigned to the C-C aromatic (benzene 
functional group) ring was used to quantify the removal, while normalizing the fabric specific C-
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O stretch peak (1150 – 1075 cm-1). Hence, after peak normalization, the lower intensity of 1000 
cm-1 peak would indicate more removal of the C12-C15 Alkyl Benzoate soil by the surface-active 
agents. In this particular spectrum (Figure 1-16), it can be seen that both the anionic surfactant 
Texapon N70 (SLES + 2EO) and the hydrophobically modified polymer shows better removal 
than the nonionic surfactant Dehydol LT 7 (Fatty Alcohol Ethoxylate, C12-C18 with 
approximately 7 moles of EO).    
 
 






In the process of evaluating and screening the suggested surface-active agents by the 
research sponsor, it was narrowed down to systems that showed most promise in terms of soil 
removal performance and applicability to home and personal care formulations. Figure 1-17 
shows the surface-active agents (or a combination of surface-active agents) that were evaluated 
and screened for removal of C12-C15 Alkyl Benzoate (hydrophobic oily soil) after processing the 
Raman spectra as described in the previous section. Among the systems tested, two single surface-
active systems, the hydrophobically modified polymer Ethyl hydroxyethyl cellulose (EHEC) and 
Pluronic L31, as well as the 1:1 (by wt%) mixture of Texapon N70 and the hydrophobically 
modified polymer EHEC, tested superior to the benchmark detergent (provided by the research 
sponsor, Henkel). It is noteworthy that the mixture of the simple anionic surfactant Texapon N70 
and the hydrophobically modified polymer EHEC performed better than either component 
separately. This indicates that there was a performance synergy created, presumably by the 
formation of hydrophobic domains that are more effective in removing oily soils.  Note that the 
structure of EHEC is very likely statistical in nature, i.e., the hydrophobic groups are randomly 
arranged along the macromolecular chain. However, Pluronic L31 is a terpolymer, thus its 
molecular architecture has more well-defined hydrophilic and hydrophobic regions. It is suspected 
that this leads more readily to the formation of hydrophobic domains in solution, compared to a 
statistical arrangement of hydrophobic groups, as in EHEC. It appears that this shortcoming of the 
structure of EHEC may be overcome by association with a simple surfactant (e.g., Texapon N70) 
to produce an improvement in oily soil removal comparable to that of Pluronic L31. The key here 














Figure 1-18 shows the surface-active agents (or a combination of surface-active agents) 
that were evaluated and screened for removal of ACH (hydrophilic inorganic compound) using the 
same approach that was used to analyze the removal of the hydrophobic emollient previously. The 
only difference this time was that normalized (with respect to the intensity of different 
characteristic peak, i.e., the peak at 380 cm-1 which corresponds to Al-OH-Al vibration) removal 
values were used. In this case, there was no outstanding candidate that superseded the benchmark 
detergent to a great extent. Only Pluronic L31 was marginally better than the benchmark detergent. 
One key difference in these results when compared with the C12-C15 Alkyl Benzoate removal 
results is that the hydrophobically modified polymer, EHEC, did not perform as well vs. the 
benchmark detergent, especially on its own. It was when combined with the anionic surfactant, 
Texapon N70 (SLES), in 1:1 wt% ratio that it managed to be on parity with the benchmark.  
The results from Figure 1-17 and Figure 1-18 are in line with the hypothesis, in that the 
hydrophobically modified polymer, EHEC (whether as a single component or in a mixture with 
the anionic surfactant) performed well only in the removal of the oily stain, C12-C15 Alkyl 
Benzoate. Due to its weak surface activity, EHEC’s performance in the ACH removal was the 
worst of the candidates that were tested. It is only when combined with the conventional anionic 
surfactant (Texapon N70 – SLES), that it managed to remove the hydrophilic ACH. While no 
systems tested were particularly superior to the benchmark detergent in removal of the ACH, the 
amphiphilic Pluronic L31 was a comparatively high performer for removing both C12-C15 Alkyl 
Benzoate and ACH. This can be explained by the fact that Pluronic L31 is a large amphiphilic tri-
block copolymer, which gives it a more pronounced and organized hydrophobic-hydrophilic 
effects compared to conventional surfactants and the hydrophobically modified EHEC for removal 
of the composite soil. Regardless, it seems that in order to have a more effective removal of the 
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ACH (i.e., higher percentage removal), there needs to be other chemical components in the wash 
formulation, such as dispersants and sequestering agents (e.g., polyphosphates) that can stabilize 
the ACH colloidal complex and prevent it from redepositing on the fabric. 
 
Effect of Aging on Soil Removal Performance 
To investigate the effects of aging, each of the hydrophobic soil, i.e., C12-C15 Alkyl 
Benzoate and the hydrophilic soil, i.e., ACH, was applied on fabric and left to dry for 7 days), 
before being treated with surface-active agents and going through the entire washing cycle (i.e., 
the Beaker Test). 
 
 







Figure 1-19 shows the effect of aging on the top performers, which are the anionic 
surfactant Texapon N70, PEO-PPO-PEO block copolymer Pluronic L31, hydrophobically 
modified polymer EHEC, and some 1:1 wt% combination thereof. In general, the results closely 
mirrored with the results of the unaged studies. For the C12-C15 Alkyl Benzoate removal, EHEC 
and a combination of Texapon + EHEC showed good performance, which is in line with the 
unaged data, shown in Figure 1-17. However, the overall removal performance was comparatively 
lower for removal of the aged C12-C15 Alkyl Benzoate (i.e., Figure 1-19, red bar graph) when 
compared against the results from the unaged samples (i.e., Figure 1-17). This drop in the 
performance is most likely due to the oxidation of C=C bond in the C12-C15 Alkyl Benzoate, 
which affects the binding interaction between the surface-active agents and stain components. On 
the other hand, aging does not seem to have an impact on the removal of ACH as the performance 
data shown by the blue bar graphs of Figure 1-19 is more or less unchanged vs. the data shown in 
Figure 1-18. This seems to imply that aging has no effect on the ACH’s presence on the cotton 
fabric, and extra days of drying does not lead to additional penetration into the cellulosic fibers. 
Hence, the surface-active agents are able to remove this soil as readily as if it was unaged. For a 
clearer side-by-side comparison, Figure 1-20 and Figure 1-21 show the comparison of fresh vs. 




Figure 1-20:  Side-by-side comparison of fresh vs. aged C12-C15 Alkyl Benzoate removal 





Figure 1-21:  Side-by-side comparison of fresh vs. aged ACH removal performance by HM-





Characterization of Residual Solution using UV/Vis Spectroscopy 
As mentioned in the methods section previously, UV/Vis spectroscopy was utilized to 
characterize the washing liquid recovered after washing the soiled fabric. Figure 1-22 shows the 
UV/Vis spectra of wash liquor after treating fabric soiled with ACH and C12-C15 Alkyl Benzoate. 
As indicated by the dotted box in Figure 1-22, ACH absorbance can be detected by the UV/Vis, 
and hence the extent of the removal can be ranked among the tested surface-active agents in the 
order of highest absorbance (greatest ACH present in the wash liquor means the most ACH came 
off the fabric). Figure 1-22 indicates that the removal is Texapon N70 > Mixture of Texapon N70 
and HM-(C14)-EHEC > HM-(C14)-EHEC, which agrees with the Raman result in Figure 1-18. 
Hence, for the case of ACH, the Raman spectroscopic method and the UV/Vis spectroscopic 
method employed in this study can be used to complement each other. Unfortunately, this is not 
the case for the C12-C15 Alkyl Benzoate, as its absorbance peak is nowhere present. While the 
reason for this was unclear, it was suspected that the C12-C15 Alkyl Benzoate stain is completely 




Figure 1-22:  UV/Vis Spectra of Wash Liquor after Treating Fabric Soiled with ACH and 
C12-C15 Alkyl Benzoate. 
The dotted box shows the region representative of ACH absorbance peak.  
 
 
Initial Work on pH Effect on Soil Removal Performance 
 Since pH can have an impact on the efficacy of a given formulation to reduce stain in or 
on clothing and to improve ability to be washed out, initial investigation was carried out in regard 
to altering the pH of the wash liquor. Altering pH will introduce different concentrations of H+ and 
OH- which can interact with surfactants consisting of weak acidic or basic functional groups and 
will have an effect on their extent of aggregation. To test the impact of pH, for each surface agent 
(aqueous) solution, pH was adjusted to 5, 8, and 10 (in accordance to realistic washing conditions). 
Figure 1-23 shows the impact of wash liquor pH on Texapon N70’s performance on removing 
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C12-C15 Benzoate, while Figure 1-24 shows the impact of wash liquor pH on the mixture of 
Texapon N70 + HM-(C14)-EHEC. For both cases, it seems that pH 10 works the best, as it had 
the highest extent of C12-C15 Benzoate. This is most likely driven by the fact that at pH 10, the 
anionic surfactant Texapon N70 (SLES), it is able to form micelles more favorably at both cases. 
For HM-(C14)-EHEC, since it is nonionic in its entity, the pH does not seem to have an impact. 
 
 





Figure 1-24: Effect of pH on C12-C15 Alkyl Benzoate removal performance by the mixture 
of Texapon N70 and HM-(C14)-EHEC. 
 
Mechanistic View 
As mentioned in the goal section, one of the objectives in this study was to understand the 
underlying interaction mechanisms of selected surfactant systems with the target stain molecules 
as well as their efficacy in removal of stains from the fabric surface. There are 3 possible modes 
of soil removal: Roll-up, emulsification, and solubilization. 
The roll-up mechanism is driven by the tension at the interfaces between soil, water, and 
fiber causing the soil to separate from fiber surface. When the surface-active agents, which lowers 
water/fiber and water/soil interfacial tensions, the contact angle increases from 0° → 90° → 180°, 
and oily soil rolls up. The repulsion between monomer head group and solid surface promotes 
separation of soil from fabric. This mechanism is supported by reduction in soil/water interfacial 
tension because the soil droplet becomes elongated and is more easily ruptured by hydrodynamic 
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forces such as agitation or shear from scrubbing. The roll-up mechanism is closely related to the 
emulsification mechanism (to be discussed in the next paragraph), since the ease of emulsification 
is inversely correlated to soil/water interfacial tension and interfacial tension reduction generally 
enhances detergency by the roll-up mechanism [Bajpaj, 2007]. 
 The second mode of soil removal mechanism is emulsification, and surface-active agents 
can stabilize an emulsion and lower the soil-wash liquor interfacial tension and enables easy 
emulsification of the soils. At low concentration of surface-active agents, micro-emulsions can 
form in thermodynamic equilibrium, e.g., oil-in-water in form of swollen surface-active agents or 
aggregates (micelles). Another form of dispersion can be that they can form a third, mixed 
soil/water/surface-active agent phase that can be either a lamellar (L) or a sponge (L3) phase. Due 
to a slow diffusion of soil or the aqueous phase into the other phase, a non-equilibrium process of 
spontaneous emulsification can occur. If the surface-active agent has nearly balanced hydrophilic 
and lipophilic parts, the soluble surfactant can exhibit a very low soil-water interfacial tension 
without addition of co-surfactants, leading to simplified phase behavior (vesicular structures rather 
than micellar structures). In the case of detergent washing applications, non-polar entities are kept 
in emulsions in the aqueous solution and removed by rinsing. Surface-active agents can also play 
a role in increasing the kinetic stability of emulsions, leading to long-lasting emulsions. Surface 
active agents will also chemically interact with both the soil and water, thus stabilizing interface 
between soil or water droplets in suspension [Bajpaj, 2007]. 
 The third mode of soil removal mechanism is solubilization, which simply is the 
entrapment of soil in the aggregates of surface-active agents, whether it be conventional surfactant 





The fundamental objective of the present work was to study the interactions among model 
stain materials and a variety of surface-active reagents, including conventional surfactants, 
hydrophobically modified polymers, high-performance amphiphilic polymer, and mixtures thereof, 
in order to develop improved liquid detergent formulations and to understand the relevant 
underlying mechanisms for their behavior in practical systems.  
A protocol was developed to effectively stain the fabric, simulate fabric wash cycles, and 
detect stain content on the fabric before and after washing. In the study, it was proven that the 
Beaker Test (to simulate laundry wash cycles) and the Raman method (provided that the soil can 
be well-characterized) coupled together can serve as a powerful and quick mode of evaluating and 
screening surface-active agents in their ability to remove specific stains off of a fabric. Other 
methods such as the UV-Vis spectroscopic method to evaluate the wash liquor, though limited, 
can also complement this technique.  
A hypothesis was formed based on the physicochemical properties of the system (both the 
soil and the surface-active agents) and the results supported the hypothesis as the hydrophobic 
polymers outperformed the conventional surfactants in the removal of the hydrophobic soil, C12-
C15 Alkyl Benzoate (and this outcome is expected to hold for the other 2 emollients that were not 
tested due to the Raman insensitivity) and vice versa for the removal of the hydrophilic inorganic 
soil, ACH. The results are consistent with the idea that improving the extent and robustness of 
hydrophobic domains formed in situ during the washing cycles can lead to improvement in soil 
removal. Such utility can be created with appropriate mixtures of surfactants with hydrophobically 
modified polymers and amphiphilic block copolymers.  
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Once the leading surface-active systems that were best suited to remove each target stain 
were determined, combination of such conventional surfactants and hydrophobic polymers were 
examined for synergistic effects on stain removal. Supplementary measurements/analysis of 
fundamental properties such as surface tension, pyrene fluorescence, and viscosity were made as 
input to mechanism selection.  Knowledge of the mechanisms governing the observed interactions 
can be used to improve formulations for targeting specific stains and dislodging them more 
effectively under given washing conditions. 
While the results of simulated mini-scale laundry wash studies not always indicated the 
greatest stain removal when mixtures of unimeric surfactants and polymeric surfactants were used, 
the efficacies were always on the high end, regardless of the soil type. These conclusions were 
substantiated by solubilization studies of liquid stains in solutions of the surface-active agents. 
Hence, it can be said that while there may not be a synergistic interaction (boost each other’s 
performance to yield a greater effect than the sum of the two together), using a combination of the 
conventional surfactants and hydrophobic polymers can make the system more versatile in that it 
can be highly efficacious across different types of stains. This may just be the most important 
aspect of a laundry detergent as garments are subject to various soils.  
The study also proves that in-depth analysis of the physicochemical properties of surface-
active agents and the soil can serve as good indicators when it comes to projecting efficacy or 
performance of a cleaning product. Properties such as the surface activity and aggregation potential 
of formulation ingredients were found to have direct correlation with removal of hydrophobic and 
hydrophilic stains. In the bulk liquid phase, the interactions between surfactants and stains were 
mostly hydrophobic in nature.  
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This research has various applications, ranging from home care and personal care, personal 
hygiene, cosmetic and dermatological products, where various target soils (hydrophobic or 
hydrophobic in nature) may exist. Optimal combination of chemical reagents and interaction 
mechanisms identified from this research can be used as a guide to improve existing formulations 
of these products in terms of cost and performance. Enhancing the efficiency (i.e., lowering the 
necessary dosage of actives and/or increasing the performance) of detergent formulations will 
reduce production cost and water/energy usage. Hence, it will not only result in economic benefits 
but also environmental benefits. Incorporation of enzymes and/or green, biodegradable reagents 
in the formulations can also bring about economic and environmental impacts. 
This work is distinguished from previous studies in that it focused on achieving optimal 
stain removal by targeting each specific difficult-to-remove stains. It elucidated relevant 
physicochemical behavior solutions and on substrates. The data and insights form the basis for 




1.9 Suggestions for Future Research 
 There can be several suggestions for future research. First suggestion would be to develop 
another method of evaluating the wash liquor with hydrophobic soil solubilized inside. As it was 
seen previously, the UV-Vis spectroscopy was not able to pick up any absorbance signal for the 
hydrophobic emollient oil, C12-C15 Alkyl Benzoate due to the fact that it was solubilized in the 
micellar aggregates of the surface-active agents. In case of such organic stains, a total organic 
carbon (TOC) method can be considered to investigate the change in before and after stain removal. 
Turbidity measurements can also possibly aid determination of the solubility of stain in the model 
surfactant system. These techniques can allow identifying the removal of stain molecules as well 
as the effect of treatment parameters. 
Because the Raman spectroscopic method was not always sensitive enough to identify 
characteristic peaks for all the soils tested, another future work will be to understand the 
interactions among model surfactants and stain molecules and their role in efficient stain removal 
process using another sensitive method. Such interactions will be studied in solution as well as on 
substrate (cotton) surface by revisiting a variety of spectroscopic techniques more in-depth. These 
would be studied by employing techniques such a fluorescence and IR spectroscopy. For example, 
fluorescence techniques can be used, especially to understand stain solubilization in micelles, 
hydrophobic domains of surfactant-polymer system, and to probe the changes in hydrophobic 
domains of the hydrophobic soil before and after treating it with wash liquor. 
FTIR and Raman studies of fibers can be revisited to understand the interactions of 
surfactant/ polymers with substrates as well their role in removal of stain molecules. A further 
spectroscopic analysis of stained, untreated, surfactant/polymer treated surfaces, as well as the 
liquid phase can possibly enable monitoring of other changes in relevant spectral parameters that 
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were not detected in this study and understand the stain removal process. By employing confocal 
Raman with liquid assembly, studies can be undertaken to understand interactions of stain 
molecules with various polymer/ surfactant systems in solution phase more in depth.  
Also, more in-depth analysis of surfactant-polymer mixtures can be done by gathering 
more data on surface tension and viscosity measurements of different combinations to more 
precisely relate the effect of surfactant-polymer complexation and its effect on stain removing 
performance. More variants of a surfactant-polymer mixtures can be tested to seek for possible 
synergistic effects in this manner. 
In order to further study the mechanism of the interaction between model stain molecules 
and surfactant-polymer system, Electron Spin resonance study can be undertaken. ESR spectra 
would yield information about the changes in micro viscosity of the paramagnetic probe such a 5-
Doxyl stearic acid. Such changes can indicate the restrictive motion of probe environment. Another 
important parameter, Hyperfine splitting constant (AN) can be calculated from the ESR spectra 
which will indicate changes in local polarity of environment. 
In terms of the wash systems for further study, since there were promising outcomes in the 
soil removal performance when hydrophobically modified polymers were utilized, it would be 
interesting to systematically vary the hydrophobicity of polymer by varying the hydrophobe size 
and content to determine optimal conditions of forming domains that help enhance the detergency. 
Patents such as U.S. Pat. No. 2012058064 give rise to more possible suggestions for future 
research in hopes of filling additional knowledge gaps with respect to evaluating the performance 
of various formulations for antiperspirants/deodorants. Impact of pH was only investigated mildly 
in this study, but this can be an interesting area to investigate further since the garment will go 
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through different pH ranges (i.e., detergent solution, tap water) throughout its wash cycle. It will 
be useful to continue to investigate effect of pH on other two remaining stain systems.  
Using hard water as opposed to soft water for laundering will also change the pH to be 
more alkaline as well as introduce multivalent cations such as Ca2+ and Mg2+. Although Hofmeister 
effects are dominated by anions, it is interesting to note that these cations are nevertheless in the 
lower end of the Hofmeister series (i.e., chaotropes), which means that these ions may increase the 
solubility of nonpolar molecules. Chaotropes decrease the network structure of water, which leads 
to a salting-in effect for proteins and polymers, and a tendency for adsorption at hydrophobic 
interfaces [Kunz, 2010]. These ions can weaken the hydrophobic interactions in the system. This 
probably explains the fact that in hard water, soap solutions form a white precipitate instead of 
producing a lather because the divalent cations, such as Ca2+ and Mg2+ destroy the surfactant 
properties of the soap by forming a precipitate. Hence, hard water would hinder the performance 
of stain removal for some surfactant systems. On the other hand, the presence of salts such as NaCl 
can partially screen the electrostatic repulsion between the charged head groups on an ionic 
surfactant and lower the critical micelle concentration of that surfactant, promoting aggregation of 
micelles at lower surfactant concentrations. It would be useful to see what kind of effects the 
presence of different ions would have on the activity of various surfactants (nonionic, cationic, 
anionic) in terms of their abilities to aggregate and ultimately the stain removal efficacy of the 
formulations.  
Another possible area of future research can be aimed at improving ACH removal, as no 
wash systems tested in the study performed superior to the benchmark detergent (i.e., parity at 
best). Perhaps incorporating dispersants and/or sequestering agents that can break down the ACH 
colloidal complex would improve the wash performance. Also, it would be interesting to look into 
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the effect of incorporating amphoteric (or zwitterionic) surfactants as well.  Amphoteric surfactants 
contain both weak cationic and anionic groups and hence their behavior is highly dependent on 
pH. In acidic conditions, they have a positive charge (i.e., behaves like a cation) and in basic 
conditions they have a negative charge (i.e. behaves like an anion).  
In reality, the build-up of soils (stains) occurs as the garment is being washed over and over 
in between which cosmetic products and human sebum build up over time. Hence, in terms of 
more accurately probing the aging effect on the soil buildup, it would be worthwhile to emulate 
this more closely, rather than a one-time application/aging like it was done in this study.   
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Chapter 2: Effect of Surfactant Structure and Properties on 
Enzyme-Surfactant Interactions 
 
2.1 Background and Literature Review 
Protein-surfactant systems are prevalent in various industries, including home and personal 
care, cosmetics, foods, pharmaceuticals, renewable energy, biotechnology, and bioremediation. 
Proteins are highly organized, three-dimensional macromolecular structures made up of long 
chains of amino acids. Even though they are highly organized, they are structurally flexible and 
are constantly in motion within certain limits, which allows them to perform a variety of functions. 
Enzymes are proteins that function as biochemical catalysts, and they can speed up or catalyze 
reactions that involve conversion of substrates (starting reactant molecules) to products. Enzymes, 
as efficient catalysts, are often used in conjunction with surfactants because they can work together 
advantageously to serve various purposes. The surfactant-enzyme combination can be engineered 
to produce a synergistic result. For example, in cleaning applications where industrial enzymes are 
largely employed, certain enzymes have a high affinity and catalytic activity for certain stains. 
Using these enzymes improves detergent formulation efficiency by allowing: (i) a reduction in the 
necessary surfactant/detergent loading, (ii) operating with less water, (iii) at low-temperature wash 
conditions (saving energy), and (iv) with lower agitation. With home care industries aiming to 
develop more efficient and effective detergent formulations, incorporating enzymes into 
conventional surfactant formulations has become increasingly prominent in the recent years. In 
fact, the largest market for industrial enzymes is the detergent industry, accounting for 25-30% of 
all sales. Nowadays, greater than half of detergents produced in the market include enzymes in 
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their formulations [Otzen, 2011]. There are four major types of detergent enzymes currently in use: 
protease, amylase, cellulase, and lipase. The general characteristics of these enzyme classes are 
outlined below. Figure 2-1 illustrates an enzyme acting on a stain adhering to a textile fiber. 
1. Proteases – most widely used in detergents; degrades proteins (milk (casein), grass, meats, 
blood); binds Ca2+ ions (2 binding sites), which enhances stability 
2. Amylases – degrade starch-based foods; also binds to Ca2+ ions (3 binding sites) 
3. Cellulases – reduce pilling (frayed tufts of fibers) by cleaving cellulose linkages; no ion 
binding sites 
4. Lipases – break down triglycerides, works slowly and most effectively after the wash cycle 
is complete [Bajpai, 2007] 
 
Figure 2-1: Computer simulation illustrating a laundry detergent enzyme (red) 
attacking the stain (yellow) on a textile fiber (gray) [Henkel, 2010]. 
 
One of the major challenges in developing enzyme-surfactant combinations for use in 
detergents is predicting and addressing compatibility issues between the two components. These 
issues can be of a physical (e.g., separation stability) or chemical (e.g., chemical degradation) 
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nature. Suitable types and mixtures of enzymes and surfactants need to be selected to create a 
formulation that has good performance and efficiency without compromising each other’s function. 
For this reason, it is important to understand the interactions that can take place when these two 
constituents are mixed. Previously, there have been several studies focusing on interactions 
between enzymes and surfactants, but the interaction mechanisms proposed by those studies 
differed based on type of enzyme, surfactant, and substrate. One example depicting hydrophobic 
interactions between enzymes and surfactants is shown in Figure 2-2. Thus, in general it has been 
difficult to make reliable predictions of how different proteins will interact with various surfactants. 
The design principles are still under development. 
 
 
Figure 2-2: Schematic of possible interaction between enzymes and nonionic 
surfactants through hydrophobic interactions [Eckard, 2013]. 
 
Two major known forces are responsible for direct interactions between surfactants and 
enzymes: electrostatic and hydrophobic. These are also fundamental forces that not only impact 
surfactant-enzyme interactions, but also intermolecular and intra-molecular self-assembly 
processes, which may lead to unfolding and denaturation of an enzyme when surfactants 
(especially charged surfactants) are added.  
For example, surfactants that have strong electrostatic attraction towards enzymes can bind 
to them and these bound surfactants will exhibit electrostatic repulsion between charges in their 
head groups. These repulsive interactions will tend to unfold the enzyme, causing it to reconfigure, 
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lose its innate structure and prevent substrates from binding. The presence of ions in the 
surrounding medium can also affect electrostatic interactions, typically screening those 
interactions and mitigating their strength.  
Hydrophobic interactions can also cause enzyme unfolding and denaturation when 
hydrophobic chains of a surfactant molecule penetrate into and disrupts the organization of 
nonpolar regions of the protein. As forces arising from electrostatic and hydrophobic interactions 
increase, denaturation is known to proceed more rapidly. Other forces due to additional non-
bonding interactions are at play as well – hydrogen bonding, van der Waals interactions, acid-base 
interactions, and hydration forces. These need to be considered alongside electrostatic or 
hydrophobic interactions. In addition, the failure of simple (long-range) electrostatic models to 
predict the details of ion-protein interactions has been pointed out [Collins, 2012]. Those simple 
electrostatic models do not capture chemical or electrochemical processes in water that are 
important in ion-protein interactions. For example, the specificity of ion interactions (Hofmeister 
effects) cannot be explained solely based on ion charge. In other words, the chemical identity of 
the ion can make a big difference in its effect on enzyme behavior. 
Many enzymes, such as proteases, tend to undergo first-order denaturation and second-
order autoproteolytic degradation in aqueous environments [Russell, 2002; Zhang, 2009]. This is 





Figure 2-3: Enzyme denaturation – Substrate is no longer able to bind to the enzyme once 
denaturation occurs, modified from [Reddy, 2013]. 
 
 
Russell et al. investigated the effect of common anionic surfactants used in home and 
personal care applications on a protease and observed inactivation due to surfactant binding at 
oppositely charged enzyme sites. However, although reductions in enzyme activities were 
observed, no explanation was given on differing trends in such changes for tested anionic 
surfactants having different structures and properties. The inactivation was attributed to binding 
of surfactant to the enzyme, causing unfolding and denaturation of the enzyme, as shown in Figure 
2-4 reproduced from reference [Russell, 2002].  
Hence, the issue of enzyme unfolding, and subsequent denaturation must be addressed 
when enzymes are to be used in conjunction with surfactants in formulations. While most ionic 
surfactants are known to directly bind and denature surfactants, some nonionic surfactants have 
been found to actually aid in stabilizing enzymes and help mitigate the loss of enzyme function. 
However, proposed interaction mechanisms and explanations underlying changes in enzyme 





Figure 2-4: Enzyme inactivation by anionic surfactants [Russell, 2002]. 
 
 
Improvement in the stability of some enzymes (proteases, amylases) were reported when 
nonionic ethoxylated surfactants were added to a given ionic surfactant-enzyme system [Russell, 
2002; Kravetz, 1985; Lalonde, 1995]. It was suggested that these nonionic surfactants may serve 
as a protective envelope to reduce charge interactions between ionic surfactants and the enzyme. 
However, these nonionic surfactants, when used by themselves as opposed to in a mixture with 
ionic surfactants, did not tend to stabilize the enzyme [Russell, 2002]. 
There have been cases where an improvement in enzymatic activity was observed with 
some enzyme-nonionic surfactant systems. Castanon et al. reported an increase in conversion of 
cellulose substrate (newspaper) by 14% after 2 days of hydrolysis by adding Tween 80 [Castanon, 
1981]. The types of substrates used also affected the enzymatic activity. Ooshima et al. showed 
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that cellulose substrates with higher crystallinity showed more positive cellulase enzymatic effect 
by the addition of surfactant [Ooshima, 1986].  
Eriksson et al. proposed a mechanism by which surfactants influence cellulase enzyme 
activity. They suggested that improvement in cellulase activity by surfactants was related to the 
surfactants’ behavior towards substrates. Greater conversion of lignocellulose was achieved when 
surfactants that bind to the lignin part of the substrate were employed. This reduced unproductive 
enzyme adsorption to the lignin, which in turn reduced enzyme efficiency [Eriksson, 2002]. Some 
results are reproduced in Figure 2-5. 
 
 
Figure 2-5: Correlation between improved conversion of lignocellulose and reduction of 
unproductive enzyme adsorption to lignin part of substrate [Eriksson, 2002]. 
 
 
Kaar et al. investigated the effect of nonionic Tween surfactants on cellulase and reported 
that these surfactants helped to stabilize cellulase structure as it converted cellulosic bio-feedstock 
from corn stover to mono- and di-saccharides [Kaar, 1998]. Increased hydrolysis by addition of 
surfactants has been reported for bagasse [Kurakake, 1994] and de-lignified steam-exploded wood 
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[Helle, 1993] as well. The effect of surfactants was most prominent at low cellulase concentrations 
[Helle, 1993].   
Chin et al. investigated the ability of alkylpolyglucosides (APG) to enhance enzyme 
activity at surfactant concentrations where loosely packed micelles are formed. This effect was 
attributed to the loosening of surrounding water structure and a consequent increase in mobility 
(flexibility) of the enzyme, allowing it to bind to substrates more freely [Chin, 2014]. Hence, the 
solvent environment can also be a factor in enzyme-surfactant interactions. Surfactants can also 
influence an enzyme’s interaction when ions are present in the environment, as some enzymes 
have binding sites for ions such as Ca2+. While the effects of nonionics are typically minor, anionic 
surfactant aggregates can compete with enzymes for Ca2+ ions, when they are in sufficiently high 
concentrations [Stoner, 2013; Stoner, 2005]. 
 
 




2.2 Knowledge Gaps 
Although protein (enzyme)-surfactant systems have been studied for a number of years, 
significant knowledge gaps in the field still remain. Much of the literature seems to agree on the 
behavior of strongly charged surfactants towards oppositely charged enzymes, where surfactants 
bind and denature the enzyme (via denaturation mechanism described previously). However, the 
behavior of nonionic surfactants towards enzymes remains unclear, or at least complicated. This 
holds true whether a nonionic surfactant is used by itself or mixed with anionic surfactants. In the 
latter case, a mixture may be used to mitigate denaturing effects of ionic surfactants on enzymes. 
There is limited work giving a complete picture of the structure-performance relationships in 
which surfactant structure (e.g., hydrophilic head group, individual functional groups, head group 
size, hydrocarbon chain length, branching) and surfactant physical properties (e.g., CMC (critical 
micelle concentration), hydrophobicity, charge density, micellar charge) are related to enzyme 
function and structural integrity. 
As discussed in the previous section, there have been several studies focusing on 
interactions between enzymes and surfactants; however, the interaction mechanisms proposed by 
studies differ based on type of enzyme, surfactant, and substrate as well as experimental conditions. 
There are even cases where different changes in activity with surfactants are reported without 
sufficient explanation for the trends. Liu et al., characterized surfactant-enzyme interaction using 
pyrene fluorescence and showed differences in behavior of enzymes (cellulases, xylanases) 
towards two surfactants: anionic biosurfactant rhamnolipid and nonionic Tween 80. The enzymes 
were found to bind with rhamnolipid molecules, participate in formation of rhamnolipid micelles, 
and increase the inner polarity of micelles, however they did not change properties of rhamnolipid 
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micelles above the CMC. In contrast, Tween 80 surfactants showed stronger interaction with 
enzymes above the CMC [Liu, 2011]. No explanation was given to explain such differences.  
Here are some of the missing gaps that remain vexing. Which surfactant structural 
components and properties are responsible for direct interactions (e.g., binding) and indirect 
interactions (e.g., changes in substrates, solvent environment) with enzymes? What is their mode 
of interaction? What are the mechanisms responsible for changes in enzyme activity by nonionic 
surfactants? Under what conditions (in what form, monomers vs. micelles) do lightly charged or 
non-charged surfactants directly bind to enzymes and how does the binding differ from strongly 
charged surfactants? In addition, there are very limited studies on interaction between mixed 
surfactants with enzymes. 
Across the literature, no satisfactory relationships are established between surfactant 
structure/properties and their influences on enzyme function, structure, and the environment 
[Rubingh, 1996]. As a recent review on protein-surfactant interaction suggests, currently there is 
no clear way to make reliable predictions on how different proteins will interact with different 
surfactants (e.g., preference for self-association vs. protein binding) [Otzen, 2011].  
With all these being said, the most prominent knowledge gaps can be summarized as 
follows: (i) surfactants typically degrade enzyme function; however, there are examples of activity 
enhancement, however, the design rules for such enhancement are vague; (ii) whether this activity 





The primary goal of this project was to investigate the interactions between enzymes and 
surfactants and to identify mechanisms to develop a model useful for predicting compatible 
enzyme-surfactant systems for various applications. Specific objectives were as follows. The first 
objective of this project is to identify surfactants that lead to preservation (and even enhancement) 
of enzyme function, namely enzyme activity. This would require one to systematically track 
surfactant structure and properties that have direct effect on the enzyme function. Second objective 
was to investigate surfactant effects on enzyme structural integrity and dynamics, which could 
then be correlated to changes in enzyme activity. Lastly, mechanisms by which surfactant directly 
or indirectly interacts with the enzyme and thereby causing changes in enzyme function and 
structural integrity would be proposed. These efforts and findings would help bridge some of the 
knowledge gaps that were discussed in the earlier section, leading to better understanding of 
enzyme-surfactant interactions. Given that many formulations contain both ionic and non-ionic 
surfactants which can form mixed micelles, it is important to understand how these more complex 
surfactant mixtures affect protein structure and stability [Otzen, 2011]. Identifying relevant 
correlations between surfactant structure/properties and enzyme-surfactant interactions would add 
to a knowledge base that can be used for rational design of formulations. This information would 
also be used to develop strategies to appropriately tune the surfactant system to mitigate situations 






The impact of surfactant structure and properties on enzyme binding, function (activity), 
dynamics, and conformation was specifically investigated. The hypotheses were formed based on 
previous knowledge (e.g., literature review) and preliminary experiments. There were two main 
broad hypotheses formed, which are as follows: 
 
Hypothesis 1: Enzyme activity depends on surfactant molecular characteristics (e.g., charge, 
microstructure, micelle formation). 
 
Hypothesis 2: Enzyme activity enhancement derives from an optimal degree of increased 
macromolecular flexing. 
 
Furthermore, the following sub-hypotheses were tested according to each surfactant system: 1. 
Nonionic surfactants, 2. Ionic-nonionic surfactant mixtures. 
 
Sub-Hypothesis 1 – regarding single nonionic surfactants 
Changes in enzyme function, integrity and dynamics by nonionic surfactants are 
dictated by hydrophobic affinity between surfactant and enzyme/substrate, which is 
correlated to surfactant properties including head group size/structure and hydrocarbon 
chain length. In other words, the relative hydrophobicity and hydrophilicity impacts the 





Rationale for Sub-Hypothesis 1: 
It has been found across many reports in the literature that the most effective surfactants in 
terms of preserving (or even having a chance to enhance) enzymatic function and integrity are 
mostly non-ionic [Ooshima, 1986]. Hydrophobic interactions create one of the primary forces 
responsible for interactions between surfactants and enzymes. Although nonionic surfactants are 
not expected to bind as tenaciously to enzymes as ionic surfactants do (since they possess both 
electrostatic and hydrophobic interactions), it is still expected that there would be some 
hydrophobic interactions that may directly or indirectly impact the enzymes. This is in fact borne 
out in many studies. 
It follows that a surfactant with sufficiently long hydrophobic carbon chain should interact 
directly with hydrophobic regions of enzymes. Those attractive interactions may be augmented by 
or opposed by other interactions (e.g., steric, hydration, acid-base) that derive from how the rest 
of the molecule interacts with the enzyme and substrate. For example, the oxygen in ethoxylated 
segments can have Lewis acid-base interactions with metal atoms; hydroxyl end groups can form 
hydrogen bonds with partners on the enzyme or substrate; and long hydrophilic chains can create 
steric barriers once they are located on the enzyme or substrate surface. Hence, the cumulative 
interaction and affinity of a nonionic surfactant for the enzyme or substrate will depend both on 
the innate properties of nonionic surfactants, namely head group and chain length, and the 
chemistry of the binding partner. In addition to surfactant-enzyme and surfactant-substrate 
interactions it must be remembered that surfactants possess a propensity for self-interaction, which 





Figure 2-7: Formation of mixed nonionic-ionic surfactant micelles [Liu, 2014]. 
 
Sub-Hypothesis 2 – regarding mixed surfactant (ionic-nonionic surfactant mixtures) 
Extent of interaction between enzyme and mixed nonionic-ionic surfactants will 
depend on the ability of nonionic surfactants to form mixed micelles with ionic surfactants 
and lower CMC values – incorporating more monomers of ionic surfactants into micelles to 
reduce detrimental electrostatic interactions with enzymes (Note: the term ‘monomer’ when 
used in the context of surfactants in this work refers to a single, whole surfactant molecule. In 
some cases, the term ‘monomer’ can also imply that the single surfactant molecule is not part of a 
self-assembled cluster, such as a micelle, and is associated only with solvent molecules.).  
 
Rationale for Sub-Hypothesis 2:  
Previous sections have stressed the importance of minimizing the denaturation of enzymes 
caused by charged surfactants.  This can be done by modifying the surfactant system to adjust 
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electrostatic, hydrophobic, and other interactions to avoid adverse effects that interfere with or 
prohibit the enzyme’s function and/or stability. However, interaction mechanisms need to be 
clarified by testing different nonionic-ionic surfactant mixtures since there are some positive 
benefits of having the right amount of ionic surfactant in the system. Mixed surfactants may help 
to lower monomer concentration of ionic surfactants by several mechanisms. First, the mixture 
may be able to lower monomer concentration of ionic surfactants by incorporating them in micelles. 
In mixed micelles, nonionics may be able to envelop and increase the average distance between 
anionic head groups and slow the diffusion of ionic molecules within the micellar structures. This 
is a kind of dilution and is not the same as charge screening by counterions. Also, nonionic 
surfactants may be able to interact harmlessly (i.e., producing no consequential changes in 
structure that impact either enzyme activity or stability) with enzymes to prevent or lessen 
interaction with ionics at binding sites [Russell, 2002]. Zhang, et al., suggested synergistic 
interaction of mixed micelle systems due to reduction of steric repulsion of surfactant hydrophilic 
heads [Zhang, 2004]. Hence, this could allow ionic surfactants to preferentially form mixed 
micelles rather than being present as monomers. The mixed micelles would have a lower charge 
density than a micelle comprised of all ionic surfactants, the latter of which would bind more 
aggressively to oppositely charged regions of enzymes. Shome et al., suggested a similar theory 
whereby adding nonionic surfactants to cationic surfactant mixtures reduces the surface charge 
density at the cationic head-group/enzyme (reverse micellar) interface, which limits electrostatic 







Selection of Enzymes 
Two enzymes, subtilisin protease (isoelectric point, IEP = pH 9.4, molecular weight = 27 
kDa) and horseradish peroxidase (IEP = pH 7.2, molecular weight = 42 kDa) were initially selected 
for study. Proteases are one of the most commonly used and effective enzyme types employed in 
personal/home care industries, primarily in detergency to remove proteinaceous stains [Crossin, 
1989]. Subtilisin protease is well-characterized [Smith, 1968; Fitzpatrick, 1993; Tanaka, 2007; 
Bott, 1988], and has good stability at room temperature and moderate pH levels [Boyer, 1971; 
Zaks, 1988]. Peroxidase enzymes, especially horseradish peroxidase, are also well characterized 
and they are widely used in bio-chemical research applications [Veitch, 2004]. Both enzymes are 
available in relatively pure forms. 
 
Selection of Surfactants 
Sodium dodecyl sulfate (SDS) was used as a benchmark anionic surfactant. Nonionic 
surfactants including alcohol ethoxylates with varying number of ethylene oxide groups (C12E4 
(also known as Brij L4) and C12E23 (also known as Brij L23) were selected. The reason for 
selecting these surfactants was to investigate relationships between structure/property of 
surfactant systems and their effects on enzyme function and structural integrity. The nonionics 
selected both had a fixed hydrocarbon chain length of 12 and had variations in head group type 
(Note: both of them are uncharged). Specific goals were to compare the effect of increasing 
surfactant head group size (i.e., ethylene oxide units) and to compare the effects of the 
aforementioned changes when mixed with the benchmark surfactant, sodium dodecyl sulfate 
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2.6 Methods and Techniques 
The overall schematic of the project plan, objectives, and techniques to be employed in this 














Purpose: To measure enzyme activity changes with addition of selected surfactants – generate 
reaction profiles, and kinetic parameters such as maximum reaction velocity (Vmax) and 
Michaelis constant (Km) and investigate reasoning behind different trends in activity changes. 
Enzyme activity assays and kinetics tests are utilized to track enzyme activity changes due 
to the addition of various surfactants.  These assays measure the amount of product yield per time. 
There is a unique activity assay for each enzyme based on a specific spectroscopic response that 
can be used to quantify the enzyme reaction to produce a degradation product with a suitable 
substrate.  
The method to measure protease activity is a modified version of the one reported by 
Twining et al., where fluorescein isothiocyanate (FITC)-labeled casein was used as a substrate. 
The advantage of this technique is its high sensitivity in quantifying fluorophore release, and hence 
rates of fast acting enzymes can be reliably measured.  The fluorophores self-quench, limiting 
fluorescence emission. However, as the protease cleaves oligomers from the substrate, the 
fluorophores are released, and their concentration can be measured using a fluorescence 
spectrometer (fluorimeter), which records intensity changes per second as a measure of product 
formation. The initial rates of product formation are measured over a range of substrate 
concentrations, plotted, and fitted to a hyperbolic Michaelis-Menten model (rate vs. substrate 















   
Symbols in the Michaelis-Menten equation are as follows: 
 E, S, P = enzyme, substrate, product respectively 
 kf/kr = binding efficiency = {enzyme-substrate association rate constant}/{enzyme-
substrate dissociation rate constant} 
 kcat = rate of forward catalysis (= conversion rate of substrate to product) 
 v, t = reaction velocity, time, respectively 
 Vmax = maximum rate achieved by the system = kcat*[E]o 
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 KM = Michaelis constant = measure of substrate-enzyme binding = (kr+kcat)/kf = substrate 
concentration at which the rate is half of Vmax 
Vmax and KM parameters are determined after using non-linear regression of the data [Leskovac, 
2004]. With additions of surfactants the changes in these parameters are recorded with respect to 
surfactant concentration and type. 
For investigation of horseradish peroxidase (HRP) activity, an assay was derived from 
Fernando et al. and Metelitza et al. Reaction of phenol-4-aminoantipyrine (H-donor) with peroxide 
catalyzed by HRP yields quinoneimine chromogen which can be detected using a UV/Vis 
spectrometer. The reaction is shown in Figure 2-11. During this reaction, oxidation of phenol by 
peroxide occurs. Decomposition of hydrogen peroxide causes an increase in absorbance at 510 nm. 
[Ferapontova, 2002; Fernando, 2015; Metelitza, 1991]. Changes in the UV/Vis absorption 
spectrum at 510 nm as a function of the HRP concentration, which was used as an assay for the 
reaction product, is shown in Figure 2-12. The surfactants are subsequently added and changes in 
peroxidase activity (e.g., initial rates) are determined from changes in the time dependence of the 
absorbance values. 
 





Figure 2-12: Peroxidase assay – UV absorption of reaction product showing its 
linear dependence on enzyme concentration.  
 
Pyrene Fluorescence and Surface Tension 
Purpose: To characterize properties (e.g., hydrophobicity, micellization, charge) of surfactant 
systems to probe the effects of structure/properties of surfactants on enzyme function and 
structural integrity.  
The pyrene fluorescence technique was utilized to probe changes in hydrophobic domains. 
These hydrophobic domains are characteristic of self-assembled surfactant structures and 
interactions between surfactants and enzymes or substrates that result in persistent micro-domains 
having a hydrophobic character. Pyrene (Figure 2-13) at low concentrations (10-6 M) was used as 
a probe to monitor the existence of hydrophobic domains in surfactant solutions as a function of 
concentration. Pyrene is excited at a wavelength of 335 nm and the emission spectra were scanned 
from 350 to 500 nm. From these measurements a polarity index, I3/I1 (the ratio of the intensity of 
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the third to the first vibronic peak, shown in Figure 2-14), was determined. The I3/I1 changes can 
indicate changes in surfactant association structures (i.e., monomer vs. micelles). Micelles in 
aqueous media present persistent, hydrophobic microdomains in their interiors, whereas 
unassembled surfactant monomers typically do not.  The pyrene fluorescence technique can also 
be used to determine the critical micelle concentration (CMC) of a surfactant system 
[Ananthapadmanabhan, 1985]. In parallel, measurements using a Wilhelmy plate were used to 
determine the surface tension of surfactant solutions and the surfactant CMC. This was a 
complimentary technique to pyrene fluorescence [Liu, 2011; Joshi, 2005].  
 
 
Figure 2-13: Pyrene Structure. 
 
 
Figure 2-14: A typical fluorescence spectrum of pyrene showing the I1 and I3 peaks. 
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Time-Resolved Fluorescence – Tryptophan Anisotropy 
Purpose: To investigate changes in structure and dynamics of enzymes with addition of 
surfactants that can lead to implications in enzyme (structural) stability/mobility 
One of the ways to measure changes in enzyme structure and dynamics is by investigating 
the tryptophan (Trp) fluorescence anisotropy. These are time-resolved measurements of the 
fluorescence anisotropy of intrinsic tryptophan in the enzymes and the rate of signal decay is 
related to the rotational diffusion of the enzyme and the flexing of the enzyme in the neighborhood 
of the tryptophan. Since local dynamics and global rotation of the protein occur on different time 
scales, these measurements can yield information on protein dynamics in the region of the 
tryptophan.  Protein unfolding due to interaction with surfactant will be signaled by an increase in 
Trp mobility. This would in turn result in a faster decrease in fluorescence anisotropy. However, 
protein binding to large surfactant micelles, without unfolding, would decrease the tumbling rate 
of the associated pair, and thus result in a slower decrease in fluorescence anisotropy [Laconic, 
2006]. The fluorescence decay time of the single tryptophan residue in the enzyme structure can 
serve as a qualitative measure of enzyme structural dynamics. This decay has contributions from 
three decay pathways, dominated by a picosecond-lifetime component, with small contributions 
from two other lifetime components in the nanosecond range. The fastest decay time is the result 
of energy transfer, as described in Förster resonance energy theory (FRET) theory, from the 
excited Trp to the heme moiety located at the enzyme active center (see Figure 2-15). The fastest 
decay is attributed to resonant energy transfer from the excited Trp to the heme group located at 
enzyme's active site, which is dependent on the distance between the Trp and the heme group [Das, 
1995]. Hence, faster decay (shorter decay correlation time) indicates that the Trp and the heme 
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group are closer to each other while slower decay (longer decay correlation time) indicates that 










2.7 Results and Discussion 
 
Enzyme Activity 
From subtilisin protease assays, a decrease in activity of protease was observed with 
addition of anionic surfactant sodium dodecyl sulfate (SDS) in the sub-micellar region, i.e., until 
CMC is reached (Figure 2-16), suggesting that the majority of enzyme-surfactant binding and 
enzyme function loss occurs at sub-micellar concentrations (unimer binding) of the SDS. Similar 
effect was achieved with horseradish peroxidase-SDS (data not shown); however, the extent of 
activity decrease was less. This was ostensibly due to smaller differences between the HRP 
enzyme IEP and the test pH (= 7), making the peroxidase enzyme closer to being uncharged 
compared to the positively charged subtilisin protease. 
  
 




When nonionic surfactant Brij L4 (C12E4) was added to the subtilisin protease-SDS 
mixture, an improvement in protease activity was observed, as shown in Figure 2-17, suggesting 
that addition of nonionic surfactants can help to mitigate enzyme activity loss from ionic 
surfactants. The result is most likely attributed to the inclusion of SDS unimers into the micelles, 
which reduces loss of enzyme activity from unincorporated SDS unimers binding to the enzyme 
and denaturing it. This explanation is also consistent with the sub-hypothesis 2 that the 




Figure 2-17: Subtilisin protease activity loss due to SDS is mitigated by the addition 
of nonionic surfactant Brij L4. 
 
Another way of interpreting the result in Figure 2-17 is that Brij L4 is not contributing to 
the loss of enzyme activity in any manner. In fact, adding only Brij L4 (C12E4) to a subtilisin 
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protease solution resulted in an increase in activity of protease once the surfactant concentration 
exceeded the critical micelle concentration (CMC = 0.035 mM Brij L4), as shown in Figure 2-18. 
 
 
Figure 2-18: Subtilisin protease activity increase with addition of nonionic 
surfactant Brij L4 in the micellar concentration. 
 
In contrast, adding nonionic Brij L23 (C12E23, with more ethylene oxide groups in the 
hydrophilic head group than Brij L4), did not result in the same enhanced enzyme activity that was 





Figure 2-19: Subtilisin protease activity does not increase with addition of Brij L23. 
 
This shows that there is indeed an effect of altering the surfactant’s hydrophilic head group 
size on enzyme function. Comparing the two surfactants, Brij L4 has a CMC value that is lower 
by approximately three-fold compared to Brij L23 (0.035 mM vs 0.09 mM). This is expected since 
Brij L4 has a smaller hydrophilic head group (ethylene oxide), and would therefore be more 
hydrophobic (i.e., has a lower HLB value) than Brij L23. This is consistent with the idea that 






Enzyme Structural Stability and Dynamics (Mobility) 
To measure changes in structural dynamics of enzymes due to interactions with surfactants, 
tryptophan fluorescence decay rates were measured as a function of surfactant concentration. The 
following two plots (Figure 2-20 and Figure 2-21) show tryptophan fluorescence decay times 




Figure 2-20: Fluorescence decay time of horseradish peroxidase enzyme in presence 
of Brij L4 to investigate changes in enzyme structural dynamics. 




Figure 2-21: Fluorescence decay time of horseradish peroxidase enzyme in presence 
of Brij L23 to investigate changes in enzyme structural dynamics. 
 
 
Recall that Brij L4 and Brij L23 are two similar nonionic ethoxylated surfactants except 
for hydrophilic head group size, and exhibited different effects on enzyme activity (cf. Figure 2-
20 and Figure 2-21). Figure 2-20 shows a decrease in Trp fluorescence decay correlation time 
(i.e., faster decay) of horseradish peroxidase in the presence of Brij L4 at concentrations 
significantly higher than the critical micelle concentration. One interpretation of this is that the Trp 
is closer to the heme group due to flexing of the enzyme upon binding to the Brij L4 surfactant 
micelle. This flexion occurs in such a way that the active site of the enzyme is more accessible to 
the substrate, resulting in greater enzyme activity.  
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In contrast to Brij L4, Brij L23 had minimal impact on the fluorescence decay time (i.e., 
negligible change in Trp and heme distance) as seen in Figure 2-21. The two contrasting results 
suggests that Brij L4, with its smaller hydrophilic head group and lower HLB (hence greater 
hydrophobicity) than Brij L23, is better in forming micellar structures that bind well to the enzyme. 
Also, Brij L4 micelles have a greater curvature than Brij L23 micelles, which could increase the 
enzyme flexion upon adsorption. These characteristics of Brij L4 allow it to be able to 
hydrophobically flex the enzyme on surfactant aggregate and alter the enzyme in a way that Trp is 
closer to heme and the active site is more exposed to substrate for greater enzyme activity. Another 
possible explanation is that micelles in close association of enzyme can attract unimers into 
enzyme that induce closer local movement between Trp and heme group, which can in turn make 
the active site more active for the substrate to bind, leading to enhancement in activity.  
In contrast, Brij L23, with its larger hydrophilic head group and higher HLB, is too 
hydrophilic to promote enzyme-micelle association. This lack of binding yields no means of 
inducing flexing of the enzyme resulting in no impact on enzyme activity to any significant degree. 
Hence, optimal hydrophobic-hydrophilic interaction between surfactant and enzyme is needed to 
attract and stress the enzyme structure (i.e., induce flexing to expose active site), which 
consequently results in increase in enzyme activity. This supports the hypothesis 2 from the earlier 
section, which was that the enzyme activity enhancement derives from an optimal degree of 
increased macromolecular flexing, without grossly altering the active site structure, as happens 
when SDS unimers are present. It is to be noted that while it is important for the enzyme to be 
flexed enough to improve catalytic activity, it is also critical that it maintains some degree of 
structural integrity to function properly. As it was seen from the case of the addition of anionic 
surfactant SDS, too much interaction of the of surfactant and enzyme systems led to adverse 
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consequences of unfolding and denaturing. From the enzyme assays and structural dynamics tests, 
it seems that the Brij L4 surfactant has the improved molecular surfactant characteristic (as 
mentioned in hypothesis 1) of inducing beneficial flexing, sufficient to enhance the activity 
without impacting the stability of the enzyme. 
Hence, for the addition of a single nonionic surfactant, changes in enzyme function, 
integrity and dynamics appear to be dictated by hydrophobic affinity between surfactant and 
enzyme/substrate, which is directly correlated to surfactant properties including CMC, head group 
size/structure and chain length. This supports hypothesis 1 and sub-hypothesis 1 and is also in 
line with the results of Andersen and Otzen’s previous study, where shorter hydrocarbon chain 
length in ionic surfactants, together with a reduction in charge density, led to less binding with 
protein ACBP [Andersen, 2009]. Similarly, Kim and Savizky’s study reported that an increase in 
surfactant chain length directly correlated with the degree of binding between surfactants and 
enzymes after probing intrinsic fluorescence quenching of cellulase enzyme with addition of 
surfactants N-Alkyl Trimethylammonium Bromide (CnTAB) of varying hydrophobic chain 
lengths [Kim, 2013]. Hence, a direct relationship exists between surfactant structure/property and 
its consequence for changes in enzyme function and structure. 
With regards to mixed surfactants (ionic-nonionic surfactant mixtures), it was observed 
that the subtilisin protease activity loss due to SDS was mitigated by the addition of nonionic 
surfactant Brij L4 (in steady fashion with increasing Brij L4 concentration). This supports sub-
hypothesis 2, that adding nonionic surfactants can help ease detrimental electrostatic interactions 





The enzyme activities were measured using appropriate spectroscopic enzyme assays. With 
addition of an anionic surfactant SDS to an oppositely charged enzyme, the enzyme activity 
decreased with higher concentration of SDS until it reached CMC, from which then on the activity 
leveled off. This suggests strong binding of surfactant unimers onto enzyme. In contrast, neutrally 
charged enzyme was not as strongly perturbed by SDS, implying electrostatic interactions between 
the enzyme and the surfactant were less. An improvement in activity was observed with SDS-
nonionic surfactant mixture, confirming that adding nonionic surfactants can help ease detrimental 
electrostatic interactions (and possible subsequent unfolding and denaturation) which disrupts 
enzyme activity by dilution of anionic surfactant unimers in the micelles. Enzyme structural 
integrity also varied with charge and structure of surfactants. Nonionic surfactant with small 
hydrophilic head group (Brij L4) led to enhancement in activity consistent with an increase in 
flexing as shown by the decrease in the decay correlation time of Trp in the enzyme at its active 
site. This also suggested that optimal combination of hydrophobic-hydrophilic interactions at 
micellar concentrations are major mechanisms by which surfactants interact with enzymes can be 
tailored to enhance activity. From the overall results of this study, it is evident that certain structural 
components and properties (i.e., charge, head group, hydrophobicity, HLB, micellization) of 
surfactants lead to significant differences in enzyme function, structural integrity, and dynamics.  
 This work goes beyond the previous studies in enzyme-surfactant interactions by setting 
out to elucidate the interaction mechanisms with correlations between surfactant 
structure/properties and enzyme function/structure/dynamics for various types of surfactants. 
Using this research as a guideline, more efficient, effective, and compatible enzyme-surfactant 
systems can be incorporated into formulations for many industrial applications. There can be 
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economic benefits, such as lowering the necessary cost for formulations. Environmental benefits 
can be expected as well. For example, in cleaning applications, more efficient formulations may 
allow operation under low temperature and lower dosage while achieving the desired effect that 
consumer wants. This will save energy, reduce the need of heavy rinsing (i.e., save water) and 




2.9 Suggestions for Future Research 
Exploration of the effects of mixed micelles on enzyme activity over a larger surfactant 
composition space will be required to optimize performance of surfactant-enzyme systems in 
cleaning products. The general trends evidenced in this work will certainly be applicable on a 
broader scale, and there are beneficial refinements yet to be discovered.  
Firstly, aside from the systems investigated in this work, the response of other common 
enzyme systems such as cellulase and amylase and surfactant systems as such as cationic and 
zwitterionic (having both positive and negative charge) surfactants can be studied as well. Also in 
the future, more experimental tests can be run to investigate further on enzyme-surfactant 
interaction mechanisms. Surfactant properties determined using a suite of techniques such as 
surface tension, pyrene fluorescence, dynamic light scattering (micellar sizes), and electrophoresis 
(for determining micelle sizes) can be correlated to the following: 1) surfactant’s tendency to bind 
to enzymes and potentially cause unfolding/loss of activity and stability and 2) possible colloidal 
interactions outside of direct enzyme-surfactant binding that alter enzyme function, structure, and 
dynamics. For example, if unimer/monomer is the main interacting species with enzymes, correlate 
monomer activity in mixed system to denaturation/ stabilization. 
In order to further understand structure-function relationships in enhancing activity by 
nonionic surfactants, such as the ethoxylated surfactants in this study, vary the sizes of hydrophilic 
groups more finely (e.g., more varied degrees of ethoxylation in between Brij L4 and Brij L23) in 
order to study such effects more systematically and perhaps be able to come up with a trend that 
would be useful for determining design principles. It would also be interesting to study other 
nonionic surfactants, aside from the ethoxylated surfactants (with varying number of ethylene 
oxide groups). Investigating other structural characteristics such as hydrophilic heads of different 
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chemical structures, branching of the hydrocarbon groups, and their effects on activity 
enhancement, greater insight for optimizing enzyme performance may be achieved. 
In order to probe differences in local enzyme conformational changes vs. global changes 
(e.g., local flexing of the enzyme as observed in this study vs. global enzyme flexibility), aside 
from time-resolved tryptophan fluorescence anisotropy (which in this study was effective in 
monitoring local Trp changes with respect to its distance to heme group in the active site), other 
techniques can be utilized to (semi-) quantify protein structures. Circular dichroism (CD) can be 
utilized in two ranges of UV, far-UV and near-UV. Far-UV CD can be used to study protein 
secondary structure by looking into changes in backbone structure. Near-UV CD can be used to 
study protein tertiary structure by tracking changes in degree of immobilization of aromatic 
residues. These techniques can be supplement the Trp fluorescence technique (mentioned in earlier 
sections) which looks into changes in conformation or binding of surfactant [Otzen, 2011].    
Techniques such as FTIR and Electron Spin Resonance study may be also incorporated to 
elucidate enzyme-surfactant interactions. ESR spectra would yield information about the changes 
in micro-viscosity of paramagnetic probes such as 5-Doxyl stearic acid. Such changes can indicate 
the dynamics in the neighborhood of the probe environment. Another important parameter, the 
hyperfine splitting constant (AN) can be calculated from the ESR spectra which will indicate 
changes in local polarity of the environment. In addition, such an investigation may be coupled 
with a study on enzyme structural dynamics using molecular dynamics calculations if experimental 
techniques are insufficient for developing a clear picture of interaction mechanisms.  
Finally, it would also be of interest to investigate the structure and role of water in the 
enzyme-surfactant interactions as these systems are predominantly in the aqueous phase. Since 
surfactants are capable of changing the aqueous solvent environment, they can very well impact 
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the enzyme structure, activity, and dynamics. In particular, it would be intriguing to probe some 
kosmotropic and chaotropic ions to see how these protein stabilizing/destabilizing ions interact 
with enzyme-surfactant systems as well. There are two major states in which interacting anion and 
cation are either in direct contact or intervened by water molecule(s): contact ion pair (CIP) and 
solvent-separated pair (SIP) states (ions separated by one or multiple water molecule(s)). The 
preference between the CIP and SIP states of ion pairs normally obeys the law of matching water 
affinity, which states that the CIP state is preferred if the anion and the cation have comparable 
affinities for water. Hence, ion pairs that prefer the CIP state: 
 Kosmotrope-kosmotrope ions – direct ionic interaction is stronger than water-kosmotrope 
interactions. 
 Chaotrope-chaotrope ions – the water molecule released from the CIP will lead to more 
water-water interactions that have greater stability than the water-chaotrope interactions.  
Ion pairs that prefer the SIP state: 
 Kosmotrope-chaotrope ions – water-chaotrope interactions and water-water interactions 
are weaker than the water-kosmotrope interactions [Iwahara 2015]. 
It would be interesting to investigate how different ion pairs of electrostatically interacting anionic 
and cationic moieties affect protein stability and their function. 
 
 
Figure 2-22: Kosmotropes and Chaotropes [Chaplin, 2017]. 
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Chapter 3: Evaluation of Surfactant-Skin Interactions for Personal 
Care and Cleansing Applications (Preliminary Work for “Toward 
Milder Personal Care Cleansing Products: Fast ex vivo Screening of 
Irritating Effects of Surfactants on Skin Using Raman Microscopy”) 
Reproduced in part from Chernyshova, I.V., B. Jha, A. Fan, H. Shen, D.D. Kim, and P. 
Somasundaran, Toward Milder Personal Care Cleansing Products: Fast ex vivo Screening of 
Irritating Effects of Surfactants on Skin Using Raman Microscopy. Tenside Surf. Det., 2019. 
56(5): p. 388-397. DOI 10.3139/113.110637 
 
 
3.1 Background and Literature Review 
 Surfactants are often used as primary ingredients in personal care and hygiene products to 
remove unwanted soil from skin. Regrettably, due to their active interaction with skin proteins and 
lipids, surfactants can cause various detrimental effects on the skin including irritation, after-wash 
tightness, redness, dryness, and itching. Hence, minimization of the irritation potential (also known 
as irritability) is one of the main goals of the development of more market-competitive cleansing 
products [Misra, 1997; Ananthapadmanabhan, 2004; Walters, 2012].  
Skin irritability at the molecular level is largely related to the interaction of the surfactant 
with intercellular lipids leading to the damage of the integrity of the lipid barrier (lateral packing 
order of intercellular lipids) of the stratum corneum (SC) [Walters, 2012; Cornwell, 2018; 
Bouwstra, 2006, Seweryn, 2018]. The SC presents the uppermost layer of the skin 15 – 20 μm 
thick composed of corneocytes surrounded by an extracellular lipid matrix. Disintegration of the 
lipid barrier enhances transdermal water loss and leads to the dryness of the skin. In addition, 
surfactants can denature protein (keratin), promote swelling of corneocytes, and remove natural 
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moisturizing factors (NMF), which also leads to dryness of the skin. NMF present a mixture of 
low- molecular-weight water-soluble hygroscopic compounds including amino and organic acids 
and salts which are responsible for the stronger hydrogen bonding states of water molecules in the 
SC [Choe, 2017]. Hydration can also increase the SC permeability and hence susceptibility of the 
epidermis to the foreign chemicals [Moiumbar, 2017]. When surfactants penetrate the skin (which 
can lead to swelling), there are several possible (negative) consequences: 1) dissolution of benign 
actives, 2) disruption of membrane proteins (denaturation) and lipids, leading to undesirable water 
loss from the skin 3) overall detrimental effects such as after-wash tightness, dryness, and irritation 
in the skin as described above [Ozawa, 2016]. An example of detrimental effects of surfactants on 
skin is shown in Figure 3-1, reproduced from [Visscher, 2009]. 
 
 
Figure 3-1: Detrimental effects of surfactants on skin [Visscher, 2009]. 
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3.2 Knowledge Gaps 
To this date, there has been limited methods to characterize irritation potential (irritability) 
of surfactants. Primarily, it has been limited to using macroscopic methods such as visual 
inspection of the skin appearance after contact with a surfactant solution, corneosurfametry 
(staining with a dye), measurements of the barrier properties of the skin (rate of the transepidermal 
water loss and transmission factor for a marker molecule), (de)hydration/swelling of the skin 
(conductance), protein solubility (Zein test), red blood cell test" (disruption of the red blood cell 
membranes), swelling of collagen, and lipid solubilization [O’Lenick Jr., 2014]. 
However, these tests either are conducted under exaggerated (hours of treatment) or model 
(using substitutes) conditions or consider only one biochemical factor (e. g., solubility or swelling 
of proteins) as the main descriptor of irritability, thereby ignoring the contributions of other 
biochemical effects into the net irritating effect. Moreover, it is well recognized that no single test 
method correlates precisely with the variety of events that occur during the interaction the skin 
with surfactants as irritation can be an integrated result of several biochemical effects [Goffin, 
1995]. Hence, to develop a predictive paradigm of irritability of surfactant formulations, there is a 
need for a fast and more reliable tool for screening of surfactant-based formulations in terms of 
their irritability, as well as a better understanding of irritability at the molecular level. 
There is an ongoing research effort to get a better understanding of the non-trivial link 
between irritability of surfactants and their chemical structure, which currently remains highly 
controversial [Seweryn, 2018; Lemery, 2015]. Specifically, the monomer penetration theory 
correlates irritability of a surfactant formulation with its critical micelle/aggregation concentration 
(CMC) assuming that only monomers penetrate into the SC. The alternative is a more 
contemporary micelle penetration theory. According to it, both monomers and micelles can 
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penetrate the skin, while the penetration of larger micelles is hindered. The third is the submicellar 
or premicellar theory of surfactant penetration. This model takes into account that a surfactant 
solution at all concentrations above the CMC always contains a certain concentration of 
submicellar aggregates. These aggregates are capable of penetrating the SC in addition to 
monomers. Finally, it has recently been proposed that the short-term penetration is based on 
monomer concentration while longer-term penetration is based on the surfactant-induced damage 
to the skin barrier. These theories have mostly been validated using macroscopic data such as CMC, 
micelle diameter, and zeta potential [Morris, 2019]. 
In this context, it is important to more broadly engage vibrational spectroscopy such as 
Raman in the development of cleansing products because this method is non-invasive and capable 
of providing the molecular-level information about the biochemical response of the SC to the 
treatment [Choe, 2017; Gniadecka, 1998; Franzen, 2015]. In particular, the vibrational peak of 
water allows evaluation of the relative amount and the hydrogen-bonding strength of the water 
molecules retained in the SC after a treatment [Vyumvuhore, 2013; Caspers, 2001]. The C–H2 
stretching vibrations of lipids can be used to assess changes in the content and packing order of 
the lipids [Walters, 2012; Lemery, 2015; Albèr, 2013, Choe, 2018]. The C–H3 stretching peaks of 
keratin are sensitive to the tertiary structure of keratin (folding/unfolding) [Choe, 2017; 
Vyumyuhore, 2013]. Moreover, spectroscopic measurements can be conducted fast (in several 
minutes). Even though these advantages have been increasingly employed in the development of 
cleansing formulations, most of earlier spectroscopic studies have focused on one correlating a 
certain biochemical response of the skin to the surfactant treatment rather than on analyzing all 
together the molecular effects observed in order to get a more comprehensive picture of the adverse 
effect of the formulation on the skin. It is also important to accumulate more data on the impact of 
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surfactants on the skin at short exposure times (minutes) which are realistic for the application of 
cleansers. In fact, the available literature is dominated by the data obtained for prolonged exposure 
(many hours or multiple frequent short treatments during several days). 
Here is the summary of knowledge gaps that this study hopes to target: 
1. Reliable method to characterize swelling of skin, lipid/protein modification and relate to 
skin disorders; 
2. Mechanistic analyses of soaps (surface-active agents) of various categories on skin water 





The goal of this study was developed according to the aforementioned knowledge gaps, 
and in mutual agreement with the research sponsor, Colgate-Palmolive. First objective is to 
develop methods to assess differentiated skin properties after treatments with various 
commercially available/ready soap (composed of surface-active agents as primary ingredients) 
products.  To do this, a protocol for wash treatment (conditioning) of skin samples with soaps was 
first developed, followed by Raman spectroscopy to quantify water retention (swelling) and 
characterize lipid-protein modification. This allowed for establishment of a spectroscopic method 
for detecting differences in skin composition after treatment with surfactants A, B, C, and D.  
Next, a method was established to measure macroscopic mechanical stress to relate this 
parameter to changes detected by the spectroscopic method. The stress relaxation properties of 
skin was analyzed with a Dynamic Mechanical Thermal Analyzer (DMTA V) to assess the details 





 Given that the 4 soap systems are proprietary formulations, it was difficult to formulate a 
formal hypothesis. However, it was suspected that the spectroscopic data on the micro-scale should 
be in line with the macroscopic drying stress results obtained in the DMTA V. In addition, in terms 
of irritability, it was expected that the soap formulation categorized as “syndets” (description in 
the materials section) were to be the least irritating, followed by “combar” (combination of superfat 





Sodium dodecyl sulfate (SDS) BioXtra, > 99 %, was purchased from Sigma-Aldrich, 
which served as a reference material in the study. This was used as a negative control, in which 
the irritability of which is well established. There were four commercial soaps with proprietary 
formula provided by the research sponsor, Colgate-Palmolive. These soaps were labeled as soaps 
“A”, “B”, “C”, and “D”. Some limited information on the soap category was provided: soaps “B” 
and “D” were categorized as “superfat” soaps; soap “A” was labeled as “syndet (synthetic 
detergents); and soap “C” was labeled as a “combar” (combination bar, which is a combination of 
superfat + syndet.). “Superfat” soaps are composed of predominantly sodium salts of fatty acids, 
while “syndet” soaps are composed of non-soap-based surfactants. “Combar” soaps are simply a 
mixture of these traditional soap and non-soap-based surfactants. “Syndets”, in general, are 
considered to be milder cleansers than the traditional soaps. Hence, they are often recommended 
for cleansing sensitive skin, and even baby skin. For the Raman method (discussed further in the 
methods section), D2O from Cambridge Isotope was used as a medium for surfactant/soaps to be 
dissolved for the Raman technique. For the drying stress measurements, deionized water (H2O) 
sourced in-house (Columbia University, Department of Earth & Environmental Engineering) was 
used.  To best mimic human skin, white porcine abdominal skin was provided by Colgate-




3.6 Methods and Techniques 
 
Preparation of Surfactant Solution 
0.01 g/mL solutions of surfactants A, B, C, and D were prepared by dissolving each bar 
soap in D2O and de-ionized H2O in 20 mL vials (5 mL total volume). The soap solution prepared 
with D2O was used for Raman spectroscopic method, while the soap solution prepared with H2O 
was used for the Dynamic Mechanical Thermal Analyzer (DMTA V) method. Also, 2 blank 
solutions (D2O & H2O) were prepared. All solutions were used at natural pH. 
 
Preparation of Skin Samples 
A sheet of the skin was first thawed. For Raman spectroscopy, 1 cm x 1 cm squares were 
cut. For drying stress measurements, determined using the DMTA V method, test samples 4 x 2 
mm2 each were dissected using a razor blade from the same area of the sheet to minimize the effect 
of the skin heterogeneity on the results. From each test sample, the subcutaneous fat was cut off. 
A simple flow diagram for sample preparation is illustrated in Figure 3-2. 
 
 





Then skin samples were treated for 1 hour with surfactant/soap solutions prepared in D2O. 
Then the samples were isolated and dried for Raman spectroscopic measurement. A Horiba Jobin 
Yvon Confocal Raman spectrometer was used for measuring the Raman spectra of skin samples. 
The spectra were acquired by 633 nm HeNe laser using a 10x objective. The spectra were initially 
taken at a large spectral range from 200 to 3800 cm-1. Then, spectra were narrowed to measure in 
the spectral range from 2100 cm–1 to 3600 cm–1 using Renishaw inVia Raman or Horiba Aramis 
microscopes (Figure 3-3) equipped with 17 mW 633-nm lasers and 10X objectives (with NA 0.25) 
and a 1200 and 800 line/mm grating, respectively. The laser power was attenuated by 50 %. Each 
spectrum was accumulated during 1 – 2 min. 
 
 
Figure 3-3: Raman equipment used in the study. 
 
The Raman technique consists in comparison of Raman spectra measured on a test skin 
sample conditioned under 1200 rpm stirring in a surfactant solution in 4 mL of D2O with the 
spectra measured on a test sample conditioned in pure D2O under the same exposure conditions. 
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After the treatment, the excess of D2O/solution was removed from the test sample by patting it 
with a Kimwipe and the sample was placed on a clean glass slide. Immediately, 3 or 4 spectra were 
measured after properly focusing on the surface of a different corneocyte before each spectrum 
measurement. The first spectrum was discarded because it corresponds to a transient state when 
retained water evaporates fast (the first spectrum always has a higher intensity of the water peak 
than the second and third-forth spectrum). To show the deviation between the second and 
third/forth spectra measured on different corneocytes, all these spectra were reported rather than 
their average. 
The replacement of H2O by D2O was made in order to avoid interference from the intrinsic 
water present in the SC and the amide A (N–H stretching) band at ca. 3330 cm–1 [Endo, 2018]. It 
was one of the novelties of the technique used in this study, since using D2O as a solvent allows 
for accurate focus on the corneocyte surface. 
 
 
Dynamic Mechanical Thermal Analyzer (DMTA) V 
Dynamic Mechanical Thermal Analyzer (DMTA) V was utilized to determine the drying 
stress of the skin sample after being subject to the identical wash protocol with the soap solutions 
as performed for Raman. The sample was loaded between the clamps and kept under initial load. 
The change in load was measured as a function of drying time (or temperature) and converted to 
stress or force. Stress-time plots for a given time were recorded. The schematic of DMTA V is 




Figure 3-4: Dynamic Mechanical Thermal Analyzer (DMTA) V used in the study. 




3.7 Results and Discussion 
 
Evaluation of Water D2O Uptake to Characterize Swelling using Raman Technique 
Figure 3-5 shows two D2O peaks between 2100 cm
-1 – 2700 cm-1 window for skin samples 
treated with D2O and soaps (all prepared in D2O) in comparison with a water treated sample. Only 
soap (formulations) A and B are shown for illustration. As indicated in Figure 3-5, there are two 
main set of peaks of interest. The first one is the large D-O stretch peak between 2280 cm-1 – 2800 
cm-1, and this is used to track the hydration of skin. 
  
 
Figure 3-5: Representative Raman spectra of porcine skin treated with D2O, H2O, and 
soaps of formulations A and B (2100 cm-1 – 3600 cm-1). 
Soaps of formulations C and D and SDS are not shown to reduce crowding of the spectra. 
 
 
Figure 3-6 shows the amplified D2O peak between 2300 cm
-1 – 2700 cm-1 window for skin 
which can be used to determine the extent of hydration of skin after various surfactant and water 
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treatment. The result of the absolute intensities seems misleading at this point, primarily due to the 
fact that the peaks have not been integrated. 
  
 
Figure 3-6: Raman spectra of porcine skin treated with D2O, H2O, SDS, and soaps of 
formulations A, B, C, D (zoomed in to focus on the D2O window). 
 
 
The Raman spectra were processed as follows. First, a linear baseline was drawn using 4 – 
5 tangent points on the wings of the Raman peaks to be analyzed. Next, the peak intensities were 
normalized by the intensity of the protein –CH3 peak at ca. 2930 cm
–1. This normalization, which 
assumes that proteins are not removed from the skin, has been justified in previous literature 
[Seweryn, 2018; Huizinga, 1989]. The peak intensities extracted from the spectra were subjected 
to statistical (classical least square) analysis using OriginPro software. Spectra are reported without 
smoothing to show significance of the trends. Figure 3-7 shows an example of such Raman 




Figure 3-7: Raman peak integration method used in the study. 
 
Using the procedure above (and taking 3-4 points on 1 piece of skin to generate Raman 
spectra) the following result was obtained (Figure 3-8). Water (D2O) uptake increased in the order 
of D2O < A ≈ C < B < SDS < D. This is partially in line with the hypothesis in that soap “A” which 
falls in the category of milder “syndet” had the lowest water uptake (i.e., swelling). In contrast, 
the traditional soaps (or “superfats”) “B and “D” had higher water uptake, with the extent being 




    
Figure 3-8: Water (D2O) uptake of porcine skin treated with D2O, H2O, SDS, and soaps of 
formulations A, B, C, D.  
This was after proper processing of data in Figure 3-5 and Figure 3-6 according to method 
illustrated in Figure 3-7. 
 
 
Evaluation of Lipid Disorder and Lipid-Protein Ratio using Raman Technique 
According to Purohit et al., two ways of characterizing skin irritation potential is by 
analyzing ratio of specific peak combinations corresponding to lipid and protein [Purohit, 2014]. 
When zoomed in to view the 2700 cm-1 – 3200 cm-1 window from the Raman spectra in Figure 3-
5, there were three characteristic peaks at 2850 cm-1, 2880 cm-1, and 2938 cm-1 as shown in Figure 
3-9. The lipid peaks at 2883 cm-1 and 2852 cm-1 are from CH2 asymmetric and symmetric 
stretching, respectively, and the ratio of intensities at 2883 cm-1 and 2852 cm-1 is indicative of lipid 
structural modification, which is shown in Figure 3-10. A decrease in ratio is indicative of lipid 





























Figure 3-9: Raman spectra of porcine skin treated with D2O, H2O, and soaps of 
formulations A, B, C, D (zoomed in to focus on the lipid and protein peaks). 
 
 
Figure 3-10 shows the ratio of the two lipid peak intensities (I2883/I2852) that were calculated 
based on intensity values obtained from Figure 3-9. It indicates that differences in the order of 
lipid structure are small, if not close to none. Similarly, when the same spectra in Figure 3-9 was 
analyzed using the 2883 cm-1 lipid peak and 2935 cm-1 protein peak (protein peak at 2935 cm-1 is 
due to CH3 symmetric stretching) to see if the extent of skin protein denaturation can be determined. 
The higher lipid-protein ratio would indicate that skin protein is denaturing to a greater extent. As 





Figure 3-10: I2883/I2852 – Order of lipid structure. 
 
Figure 3-11: I2883/I2852 – Lipid-protein ratio (relative lipid content). 
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Hence, such analyses incorporating lipid-lipid or lipid-protein ratios, as delineated in the 
previous literature [Purohit, 2014], did not work on the current systems in being able to derive any 
reasonable conclusions on irritability based on lipid and/or protein structural changes. 
 
Evaluation of Drying Stress of the Skin in Response to (Natural) Drying Soap Treatment 
Dynamic Mechanical Thermal Analyzer (DMTA) V was utilized to determine the drying 
stress of the skin sample after the porcine skin samples were treated with the four soap solutions 
(“A”, “B”, “C”, “D”) along with the controls where the skin was exposed to H2O and SDS. Drying 
stress is defined as the maximum stress that the substrate (i.e., skin) experiences as it dries, and 
the measurement on the DMTA V instrument is initiated when the sample is loaded between the 
clamps and kept under initial load. The change in load was measured as a function of drying time 
and converted to stress or force, and stress-time plots for a given time were recorded. To check the 
validity of the method, the untreated porcine skin was loaded on the DMTA V instrument, and the 
stress plot was generated as the skin was allowed to dry in the ambient conditions. This plot is 




Figure 3-12: Drying stress plot of porcine skin (untreated) as measured by DMTA V. 
 
 As seen in Figure 3-12, the stress plot shows a clear plateauing point (reached within the 
given drying duration of 1 hour), at which the (maximum) drying stress can be determined. The 
same procedure was applied in duplicate for the soap solutions, to check for reproducibility of the 
drying stress, as there may be doubts as on samples being dried in ambient (uncontrolled) settings, 
in a manner that the differences in the drying rate can have on the maximum drying stress. These 





Figure 3-13: Drying stress vs. time plots of porcine skin treated with SDS as measured by 
DMTA V. 
Duplicate data points were tested to check reliability of (maximum) drying stress 
determination by the instrument. 
 
 
As seen in Figure 3-13 (above) and Figure 3-14 (in the next page), the maximum drying 
stress was reasonably consistent between the duplicates tested for each surface-active system. For 
both plots, an initial lag was followed by increasing stress as the sample dried and after long 
enough it plateaued out and stopped increasing any further, which indicated that the maximum 





Figure 3-14: Drying stress vs. time plots of porcine skin treated with soap of formulation C 
as measured by DMTA V. 
Duplicate data points were tested to check reliability of (maximum) drying stress 
determination by the instrument. 
 
Consequently, the same procedure was repeated for porcine skin samples that were treated 
with H2O, SDS, and the four soap solutions (“A”, “B”, “C”, “D”). The results are shown in Figure 
3-15. According to the drying stress results, soaps “A”, “C”, and “D” experienced comparatively 
lower drying stress than the soap “B” and “SDS”. The traditional soap “B” and conventional 
anionic surfactant SDS’s showing higher drying stress values seem to indicate that there is a fairly 
good correlation between the drying stresses as determined by DMTA V vs. the water (D2O) 
uptake results as determined from Raman technique. However, there was little to no appreciable 
differences among the other soaps (i.e., “A”, “C”, “D”) which are of different category in terms of 




Figure 3-15: Drying stress vs. time plots of porcine skin treated with D2O, SDS, and soaps 





The objective of this study was to assess the potential of Raman microscopy for fast ex-
vivo screening of irritating effects of commercially available/ready soaps on the skin associated 
with water retention, lipid removal, lipid disorder, and protein denaturation at a short exposure 
time (10 min). There were two traditional soaps (“superfat") the composition of which is 
dominated by sodium salts of fatty acids (Soaps “B” and “D”), (ii) one modern soap (“syndets”) 
composed of  non-soap-based surfactants (Soap “A”) and one (syndets), and (iii) one “combar" 
which is a mixture of traditional soap and non-soap-based surfactants. The Raman method was 
able to successfully characterize swelling, or the water uptake (by D2O peak integration), and the 
order of swelling was found to be: D2O < A ≈ C < B < SDS < D. This was fairly in line with the 
hypothesis that Soap “A” would be the least swelling with its mild characteristics. However, the 
data from analyzing lipid and protein peaks were inconclusive, as the method in accordance with 
[Purohit, 2014] was not sensitive enough to distinguish the differences in the peaks. DMTA V was 
a reliable companion to the Raman method, as it produced repeatable results for the maximum 
drying stress. The more swelling that occurs initially after treatment with soap solutions, the more 
drying stress the skin will suffer as a result. The results partially agreed in that both SDS and Soap 
“B” which is a traditional soap showed characteristics of highly irritable agents (high water uptake, 
high drying stress). However, the DMTA V method was not sensitive enough to distinguish 




3.9 Suggestions for Future Research 
One immediate suggestion would be to work with surface-active agents of known 
individual components, as there can be more potential for deriving interaction mechanisms of 
surfactants and formulations with skin in monomeric and micellar level. Unfortunately, this was 
not possible with the systems given, as much of the information regarding the soap content was 
proprietary, aside from the soap category. It would also be interesting to further understand the 
extent of lipid damage by surfactants (e.g., SEM of surfactant treated samples for skin morphology 
and roughness), and to develop the Raman technique further to increase sensitivity in order to 
derive any conclusions on lipid and protein structural changes and what impact this may have on 





Systems of practical importance in the personal care and many other industries are often 
complex in several ways – compositions, component interactions (physical and chemical), and 
dynamical aspects of the latter. These elements of these categories are features of the native system 
of interest and the treatments that are applied to alter their behavior. As it was seen in the chapter 
on laundry formulations (chapter 1), the “soil” found on clothing are often mixtures of hydrophobic 
(oils, body secretions) and hydrophilic (salts, antiperspirants) materials. These components can 
form a variety of composite aggregates whose physical properties are different from those of the 
individual components. Treatments designed to effectively remove all these unwanted components 
from fabrics almost invariably comprise mixtures of chemicals to not only address the spectrum 
of soil components, but to prevent redeposition of dispersed soil and to maintain phase stability of 
the formulation. This situation makes the multi-dimensional composition space quite large and 
quite difficult to explore extensively without some guiding principles to narrow the search. As it 
was seen in chapter 1, one of the main principles involves dispersal and stabilization of small soil 
clusters that will remain suspended in the wash water without re-adhering to the fabric. The in-situ 
formation of hydrophobic domains that can sequester oily substances is foundational to a good 
formulation. Combinations of hydrophobically modified polymers and surfactants and/or block 
copolymers are ideally suited for this purpose since they can result in these domain formations at 
solution concentrations lower than those required for the surfactant alone to form micelles. A 
number of physicochemical measurements were discussed to investigate and quantify the 




In more sophisticated applications involving active enzymes, discussed in chapter 2, the 
activity of these enzymes must be preserved, if not enhanced. This can certainly be a challenge in 
solutions containing surface-active agents and other components that not only have an affinity for 
enzymes, but which can cause structural transformations that impact enzyme activity. Enzyme-
surfactant interactions bring an additional dimension to the complex performance behavior that 
can arise. This is because enzyme activity is often quite sensitive to local and global 
conformational features of the protein, and on top of that, dynamical aspects of the protein structure 
can also be significant. While large changes in the structural integrity and dynamics of the protein 
can completely destroy enzyme activity, the observations described in this thesis show that modest 
changes in enzyme flexing via tailoring of interactions with surfactant aggregates can actually 
enhance enzyme activity while maintaining the overall global conformation. These fine 
adjustments can be made using the right surfactant or mixture of surfactants. The prescription for 
such tailoring is likely enzyme dependent. The main components are mostly nonionic surfactants, 
possibly with small additions of anionic surfactants. An array of physicochemical analytical 
techniques was described that can be used to explore and quantify subtle changes in enzyme 
flexing and its consequences for enzyme activity. 
Chapter 3 made inroads to an even more complex, biological system relevant to the 
formulation of personal care products. The additional complexity of course arises from the network 
structure of skin tissue, which extends over much greater dimensions than encountered in the 
systems addressed in chapters 1 and 2. The feel of skin before and after treatment with cleansing 
products is related to its morphological and mechanical properties. Those mechanical and complex 
rheological properties are linked to composition (e.g., proteins and lipids), spatial arrangement of 
the components, and states of hydration throughout the various layers of skin tissue. Thus, while 
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general elasticity may be related to the average lipid/protein ratio and hydration state throughout 
the bulk of a skin sample, the surface frictional and haptic perception properties of skin will be 
more influenced by those same parameters in the near-surface layers as well as short- and long-
wavelength morphological features. With this in mind, the possibility of using Raman 
spectroscopy was explored as a means of quantifying composition and hydration state of skin 
before and after exposure to treatment with surfactants, and these observations were correlated 
with measurements of mechanical properties and haptic perception. While it was indeed possible 
to determine compositional parameters (protein/lipid ratio and hydration) using Raman, the length 
(depth) scale over which signals were integrated were likely too large to be able to correlate 
compositional parameters with surface frictional or haptic perception characteristics. Finer spatial 
resolution will be required to make those correlations. 
An effort to devise rational design rules for preparing formulations to be used in practical 
systems of personal care products and their applications inevitably involves a host of interacting 
complexities arising from the natural system and the treatment formulations alike. Despite this 
potential multiplication of complexity, guidelines based on the physical chemistry of surfactant, 
polymers and in some cases biochemical components and networks are achievable. Broader 
research in these matters is warranted, especially when the formulation materials have a more 
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